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Nitrogen is commonly thought of as the most limiting nutrient to plant growth, yet 
elevated N deposition can result in N accumulating in excess of biotic demand, a 
condition known as 'TI Saturation." Excess N can perturb soil microbial N 
transformations and may cause initial increases in net N mineralization rates followed by 
decreases in net N mineralization with concomitant increases in net nitrification. Along 
with increases in net nitrification and N loss, N saturation is often associated with a loss 
of forest productivity. Understanding nitrogen dynamics in soil under enhanced N 
deposition is key to predicting future forest health. We studied forest floor and mineral 
soils at the Bear Brook Watershed in Maine (BBWM), a paired watershed experiment 
with one watershed serving as a reference and another treated with (NH&SO4. We used 
both lab incubations and in situ measurements to evaluate net N mineralization and net 
nitrification in both watershed soils. Significantly higher net N mineralization and net 
nitrification rates were observed in the treated watershed by both methods. For example 
in situ net N mineralization was 4.25 mg kg" day" in the treated watershed compared to 
3.00 mg kg-' day-' in the reference watershed. Soil under differing dominant forest types 
present in these watersheds resulted in different N cycling rates and different response to 
long-term N fertilization: hardwoods had higher N mineralization rates in the 0 horizons, 
however softwoods had higher rates in the mineral soils. Despite different N cycling 
rates, influenced by forest cover and treatment, input-output estimates suggested -80% N 
retention in treated watershed, despite the long-term N amendments to this watershed, 
and -96% N retention in the reference watershed. 
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CHAPTER 1 : LITERATURE REVIEW 
INTRODUCTION 
Nitrogen (N) cycling in terrestrial ecosystems is one of the most complex of the 
major nutrient cycles, which has led to extensive research on this topic in both 
agricultural and forestry settings over'the past century. Nitrogen is also considered to be 
the most cornonly limiting plant nutrient throughout the world (Vitousek and Howarth, 
199 1 ; Schlesinger, 1997). However, in the past 50-1 00 years atmospheric N deposition 
has increased significantly resulting in it being considered a potential pollutant in 
terrestrial ecosystems (Schlesinger & Hartley 1992; Galloway et al. 1995; Torseth and 
Semb, 1997). Increasing N deposition has been a prominent issue in the last decade and 
consequently more effort has been put into understanding its effects. Increasing N 
deposition has largely been due to the combustion of fossil fuels, resulting in the increase 
of N oxides in the atmosphere (Galloway et al. 1995; Lovett et al., 2000). Nitrogen 
oxides can be transported long distances and can create strong mineral acids in the 
atmosphere that are deposited back into ecosystems as acid deposition, otherwise known 
as acid rain (Fernandez and Adams, 2000). Acidic N deposition is problematic for many 
reasons, one of which is that many plant species in terrestrial ecosystems are adapted to, 
and function optimally in, soils with low N availability (Vitousek et al., 1997). Changes 
in N availability can result in changing dynamics of plant populations and their primary 
consumers and ultimately all species that depend on plants (Aerts and Berendse, 1988; 
Wedin and Tilman. 1996; Tilman, 1987; Vitousek et al., 1997). Increased N deposition 
has serious repercussions on all aspects of the nitrogen cycle and consequently on many 
other elemental biogeochemical cycles (Lovett et al., 2000; Aber et al., 1989; Vitousek et 
al., 1997). One consequence of soil acidification is root damage, resulting in reduced 
ability of N uptake (Henriksen and Hessen, 1997), while other problems include: 
increasing emissions of NOx which contributes to the formation of ozone (Seinfeld 1986), 
nitrate leaching resulting in acidification of streams, eutrophication of estuaries and 
coastal waters (Murdoch and Stoddaid, 1992; Henriksen and Hessen, 1997; Smith et al., 
1999), spruce forest decline (Johnson et al., 1994; McNulty et al., 1996), mercury 
accumulation in fish (Driscoll et al., 1994), increased A1 mobility (Lawrence and David 
1997) and increased contamination of NO3-N in dnnking water (Spalding and Exner, 
1993). 
Due to persistent perturbation of the N cycle resulting mainly from the activities 
of humans; it is critical to understand how N dynamics change over time, particularly as a 
result of increased N inputs to terrestrial and aquatic ecosystems. A specific way to 
quantify changes wrought in the soil N cycle by enhanced N availability is to measure 
rates of N mineralization and nitrification; two important microbial processes that govern 
the availability of N to plants and themselves. These processes, usually measured as N 
mineralization and nitrification can provide an accurate benchmark as to where the 
system is in terms of saturation; a condition where N availability exceeds biotic demand. 
Objectives 
To examine N mineralization and nitrification rates at the Bear Brook Watershed in 
Maine (BBWM), where one artificially N-enriched watershed is compared against a 
control watershed. This will be done against a backdrop of other potential influences 
including forest cover. 
To evaluate the relationship between potential net nitrification and nitrification 
potential. 
To determine the effects of a lab incubation period (7, 14,28 days) on N 
mineralization; commonly used incubation periods found in the N cycling literature. 
I 
NITROGEN CYCLE 
In a forested ecosystem, N is a dynamic and essential nutrient. Nitrogen is also 
commonly thought of as the most limiting nutrient for plant growth. The main processes 
that affect N in soils includes: atmospheric deposition, N2 fixation, mineralization, 
nitrification, immobilization, denitrification and leaching (Stoddard et al., 1994). 
Almost all the N that enters a terrestrial ecosystem by natural processes is derived 
fi-om biological N2 fixation and atmospheric deposition (Stevenson and Cole, 1999). 
Nitrogen deposition occurs in a variety of forms, including NO3', Nl&+, gaseous forms, 
and organic N in wet and dry deposition. Concentrations of NO3-, Nl&+ and organic N in 
wet and dry deposition vary widely throughout the US (Stoddard et al., 1994). 
Although a large pool of N exists in our atmosphere (3.9* 10" kg or 
approximately 78% of the partial pressure of the atmosphere), it is present as an inert gas 
and as such cannot be used by most plants or animals. The N2 molecule has a triple 
covalent bond that is difficult to break; yet some microorganisms and some fi-ee-living 
and plant-associated microorganisms, known as diazotrophs are capable of incorporating 
N into organic molecules. The N2 molecule can then be utilized by microorganisms 
within nodulated leguminous plants (e.g., Rhizobium sp.), non-leguminous root 
associated actinomycetes (e.g., Frankia sp.) and by free-living non-photosynthetic 
bacteria and cyanobacteria (Sievenson and Cole, 1999). 
Mineralization is the process of microbial decomposition of this fixed-N within 
organic matter resulting in production' of NT&-N and NO3-N. Mineralization is an 
important process in non-leguminous plant ecosystems such as forests, as it internally 
recycles N that would otherwise be tied up in organic matter and unavailable for plant use 
(Stoddard et al., 1994). 
Nitrification (part of the mineralization process) is the microbially mediated 
oxidation of NT&+ to No3- carried out by autotrophic bacteria. Nitrification is a two-step 
process: 
ilrosomonas 
Step 1) NT&+ +1.5 0 2  NO; + 2 g  +Hz0 +275kJ energy 
acteria Step 2) NO; + '/r 0 2 A l  NO{ +76kJ energy 
(l3rady and Weils, 1999). 
Winogradsky (1890) was the first to discover that nitrification was a two-step process as 
well as finding that Nitrosomonas and Nitrobacter were the organisms involved in this 
oxidative reaction (Stevenson and Cole 1999). Although Nitrosomonas and Nitrobacter are 
most commonly thought of as the dominant bacteria species that perform this oxidative 
process, there are a number of other microbes (bacteria such as Nitrosospira sp., and 
-, 
possibly heterotrophic fungi) capable of nitrifjmg m - N  and gaining energy fiom this 
process (Sylvia et al., 1998). 
It has been assumed that little if any nitrification goes on in highly acidic forest 
soils (Brierley et al., 2001), mainly because isolated autotrophic nitrifying 
microorganisms rarely carry out nitrification below pH 6.0 in pure culture. However, 
Brierley et al. (2001) and Klein et al. (1983) both found that nitrification proceeded at pH 
ranges of 3-6. The authors hypothesized this could be due to the pH of microhabitats 
differing enough fiom the average stand pH to allow for autotrophic nitrification, that 
there are acid-tolerant autotrophic nitrifiers that have yet to be investigated, or that acid- 
tolerant heterotrophic nitrifiers are carrying out the nitrification (Brierley et al., 2001). 
Regardless of the mechanisms of nitrification by either autotrophic or heterotrophic 
organisms, it has been found by a number of researchers that nitrification does proceed in 
acidic forest soils (Brierley et al., 2001; De Boer and Kowalchuk, 2001; Pennington and 
Ellis, 1993; Tietema et al., 1992). 
There are three main processes that make mineral N unavailable to plants: 
immobilization (either through biotic demand or abiotic sorption), denitrification, and 
leaching. Biotic immobilization is the conversion of inorganic N (NK-N and NO3-N) to 
organic forms, the reverse process of mineralization, although the two processes often 
occur simultaneously in soils. Denitrification is the process of NO3- being converted to 
gaseous forms of N such as N20 and N2 by facultative and obligate anaerobic soil 
microorganisms (Brady and Weil, 1999). Although denitrification results in a loss of 
available N for plants, N20 is also a greenhouse gas 230 times more effective than C02 at 
trapping heat radiation and its atmospheric lifespan is 3-5 times that of C02 (IPCC, 1995; 
Powlson, 1993). The combination of N20 and C02 is not only the source of eighteen to 
fifty percent of current global warming, but these gasses are also involved in reactions 
that lead to ozone depletion in the stratosphere (Warneck et al., 1988). Leaching of NO3- 
N is another way (besides denitrification) NO3-N is lost fiom terrestrial ecosystems. 
Leaching of NO3-N occurs because the negatively charged NO3-N ions are not adsorbed 
by the predominately negatively charged colloids and surfaces that are found in most soils 
(Brady and Weil, 1999). This results in NO3-N ions being easily leached by water 
percolating through soils. Nitrate leaching is a concern for a number of reasons 
including: a decrease in available N for plants, leaching of NO3-N causes acidification of 
streams and eutrophication of estuaries and coastal waters (Murdoch and Stoddard, 1992; 
Henriksen and Hessen, 1997). 
NITROGEN DEPOSITION AND SATURATION 
Acidic deposition first emerged in scientific literature in the 1960's in Sweden and 
around Scandinavia when researchers began seeing acidic precipitation and surface water 
acidification (Oden 1968). Hubbard Brook in New Hampshire was the first site in North 
America to report acidic deposition effects around this time (Likens et al., 1972). Acidic 
deposition has increased the concentration of If, SO:-, and NO3- ions in soils which has 
led to increased rates of leaching of base cations, increased A13+ mobility and the 
resulting acidification of soils (Driscoll et al., 2001). Since the implementation of the 
Clean Air Act in 1963, 1970, and revised again in 1990, Stoddard et al. (1999) reports 
that lake and stream SO:- concentrations in the northeastern United States have declined 
significantly; a result of so2- scrubbers in coal burning utilities and use of coal with . 
lower S content. Conversely, NO3-N concentrations in streams have only slightly 
decreased due to the 1990 legislation probably owing to the required 10% reduction in N 
deposition (Stoddard et al. 1999; McNulty et al., 1996). 
A consequence of chronically'enhanced N deposition is that the ecosystem could 
become N saturated, a term used to describe a state where the availability of mineral N is 
in excess of plant and microbial demand. This is usually evident by significant amounts 
of NO3-N leaching fiom the catchment (Aber et al., 1989; Aber et al., 1998). Because 
increasing NO3-N concentrations in streams are indicative of a watershed reaching N 
saturation, it is important to understand the factors controlling all forms of N in soils and 
streams. 
Aber et al., (1 989) proposed four stages of N saturation that have since been 
experimentally tested and revised in Aber et al., (1998). Stage 0 is defined as 
characteristics of N cycling under N limiting conditions (ambient N loading); while 
during stage 1 there is a fertilization effect; e.g., an increase in plant growth and other N- 
limited biological processes. Since N is limiting in most ecosystems, this initial pulse of 
added N often increases N availability and N cycling rates such as mineralization and 
nitrification. Nitrogen saturation occurs at stage 2 resulting in negative affects although 
they may be relatively subtle and difficult to measure. These negative effects can include 
loss of frost-hardiness in conifer trees (Bobbink et al., 1992; Fangrneier et al., 1994, but 
see Taulavuori 1998; Wiernken et al., 1996), elevated amino acid content (Nkholm and 
Ericsson,l990; Nkholm et al., 1994) and lowered phosphorus and lignin content in 
foliage, NO3-N leaching fiom soils, and increased emissions of N20 (Aber et al., 1998). 
Stage 2 is also where Aber et al., (1998) found N mineralization to decrease in four sites 
in New England. This is contrary to the original hypothesis where N mineralization rates 
continued to increase over the course of the saturation continuum due to expected 
continued decrease in the soil C M  ratio due to the increased N deposition. Stage 3, the 
final stage of N saturation, is where sbme visible effects are observed such as disruption 
of both above and below ground forest structure resulting in tree death. Other indications 
of stage 3 include a reduction in total net photosynthesis and a reduction in overall forest 
productivity (Aber et al., 1989; Aber et al., 1998). However, some ecosystems are 
considered predisposed to N saturation due to factors such as chronic elevated N 
deposition, advanced stand age (Stoddard et al., 1994), artificial or natural disturbances 
(Goodale and Aber 2001) and large soil organic and inorganic N pools (Stoddard et al., 
1994). 
In N limited soils, the rate of nitrification is low compared to N enriched soils as 
autotrophic nitrifiers are poor competitors for available m - N .  In an N limited system, 
m - N  is retained by soils through adsorption to cation exchange sites and little is 
typically leached, however as N accumulates in ecosystems, changes may occur in the N 
cycle. Increased N availability in the soil results in faster and more complete 
decomposition of N-containing soil organic matter manifested as increased N 
mineralization and nitrification rates (Aber 1993; McNulty et al., 1996). Aber et al., 
(1995) found a consistent set of responses to chronic N additions in a study of five 
northern temperate forested ecosystems, including the Bear Brook Watershed in Maine. 
Some of the responses to chronic N additions included: initial increases in net N 
mineralization followed by decreases during stage 2 of N saturation, continual increases 
in net nitrification and declining tree growth in coniferous stands. These findings 
demonstrate how soil processes such as N mineralization and nitrification can provide an 
accurate benchmark for determining rhe effects of increased N deposition and may be 
used to place an ecosystem on the N saturation continuum. These results are consistent 
with those found in alpine watersheds in the Front Range of the Colorado Rocky 
Mountains which reached N saturation from anthropogenically derived sources of N 
(Williams et al., 1996). 
NITRATE IN STREAMS 
Large amounts of NOs-N ions leached to streams is an important and often 
deleterious result of increasing N deposition and consequently much effort has gone into 
understanding the factors that control terrestrial NO3-N loss to streams. Some of these 
controlling factors have been found to include disturbances such as forest harvesting 
(Likens et al., 1970; Goodale and Aber 2001), insect damageldefoliation (Swank et al., 
1981; Webb et al., 1995; Lovett et al., 2002), land use history, vegetationltree species 
composition and decreasing tree growth rates (Lovett et al., 2000; Goodale and Aber 
2001). Broader ecological or biogeochemical factors that control NO3-N loss to streams 
include microbial or hydrological variables (Vitousek et al., 1979), atmospheric 
deposition of N-containing compounds (Lovett et al., 2000) and abiotic interactions in 
soil (Berntson and Aber, 2000; Dail et al., 2001). All of these factors influence NO3-N 
loss in streams with most increasing the amount of NO3-N that is leached to streams. 
Peterson et al. (2001) reported that the most rapid uptake and transformation of 
inorganic N in streams occurred in the smallest streams included in their large in-stream 
N release studies. This phenomenon is likely the result of interactions between flowing 
waters (and the inorganic-N therein) with the streambeds and sediments as the volume of 
flow in contact with sediments is greater in smaller streams. These researchers also found 
that m - N  entering the streams was removed fiom the water within tens to hundreds of 
meters, (Mulholland et al., 1990) while NO3-N was removed only after traveling 5-10 
times the distance of IVf&-N. Even though low m - N  concentrations were found in 
most of the streams studied, the nitrification rates were high indicating that small streams 
may be important sources of NO3-N, and hence N20 to the atmosphere when NO3-N 
laden waters encounter anaerobic sediments. 
Lawrence (2002) investigated the hydrologic constraints on stream acidification 
and found that episodic as opposed to chronic acidification of streams, was more 
widespread. The term episodic acidification is used to indicate the increasing acidity of a 
stream due to a high flow event such as a storm. Although episodic acidification can 
occur naturally, the intensity of acidification (usually associated with significant declines 
in pH) in many streams during hydrologic episodes has been associated with increased 
acidic deposition (Wigington et al., 1996). This is likely due to high flow events moving 
water quickly through the soil and reducing the mitigating biotic and abiotic factors that 
retain acidifymg-N species. The anion neutralization capacity (ANC) depends on cation 
exchange reactions that buffer decreases in the pH of soil solutions through the release of 
bases (mostly ca2+) adsorbed to particle surfaces. Since exchangeable ca2+ in the mineral 
soil can decrease due to acidic deposition, the result of persistent acid deposition storm 
events can be a loss of neutralization of soil waters occuning in the mineral soils. 
(Lawrence 2002). 
NITROGEN MINERALIZATION AND NITRIFICATION 
There is evidence that N mineralization and nitrification are controlled by a 
number of factors including soil depth, forest species composition, amount and quality of 
organic matter present, and varying seasons (Boone 1992; Federer et al., 1983; Finzi et 
al., 1998; Campbell et al., 2000). There is also evidence that the effects of tree species on 
surface soil N dynamics can occur over short time scales (Gower and Son 1992; Binkley 
1995; Verchot et al., 2001). Pastor and Post (1988) demonstrated that changes in 
temperature and precipitation caused a northward migration of the hardwood forest 
borders in North America. The transition occurred fiom conifer- to hardwood-dominated 
forests and led to increases in N availability because hardwood species have high growth 
rates, high tissue N concentrations, and rapid rates of litter decomposition due to lower 
lignin and other polyphenolic concentrations (Finzi et al., 1998; Perry et al., 1987). The 
findings of Finzi et al. (1998) are consistent with Ferrari (1993) who found a two-fold 
difference in the annual rate of N mineralization in sugar maple and hemlock stands on 
the same soil type in the organic soil horizons. Cole and Rapp (1981) found organic 
matter turnover in the forest floor to take on average four times longer and N turnover 
more than three times longer in conifer stands as opposed to deciduous stands. In 
contrast, Mladenoff (1987) found no significant difference in the rate of N mineralization 
beneath sugar maple and hemlock trees in Wisconsin. Interspecific differences in soil 
organic matter (SOM) quality appear to regulate the rate of net N mineralization in 
northeastern forests (Finzi et al., 1998). Low rates of nitrification are observed in many 
acid forest soils (Davidson et al., 1992; Stark and Hart 1997) and increases in the pH of 
soils can often increase the rate of net nitrification (Vitousek and Matson 1985; Persson et 
al., 1995). 
Nitrogen mineralization has been found by a number of researchers to vary 
significantly with depth (Federer et al. 1983; Boone 1992; Binkley and Hart 1989; 
Persson et al. 1995; Friedland et al., 1991). Federer et al. (1983) demonstrated that N 
mineralization declined with increasing depths in New Hampshire and Connecticut, but 
that mineralization in Maine was independent of depth. Persson et al. (1 995) found that 
N mineralization and potential nitrification were significantly different between organic 
and mineral soils in an acidic Norway spruce forest in southern Sweden and eastern 
Denmark, with 78% of the net N mineralization occurring above a 10cm depth. Nitrogen 
mineralization generally decreases with increasing depth because there is less organic 
matter for microbes to decompose (Persson et al., 1995). When the organic matter effect 
is removed by expressing mineralization on a mass per area basis, a general decrease with 
depth still occurs. This is hypothesized to be partly due to decreasing temperatures with 
increasing depths, yet that only explains part of the decrease. Federer et al. (1983) 
suggests that organic matter may become older and more difficult to break down as depth 
increases. 
Nitrogen mineralization has been found to vary according to dominant vegetation 
and leaf litter composition. Some researchers have reported greater N mineralization 
rates in soils dominated by deciduous trees as opposed to coniferous stands (eg. Campbell 
et al., 2000; Finzi et al., 1998; Nadelhoffer et al., 1984; Boone 1992; Aber et al., 1993), 
although this is dependant on substrate quality. Similar results have been found in 
deciduous versus coniferous leaf litter (Tietema and Wessel 1992). In an experiment 
conducted by Campbell et al. (200@), they found hardwood stands to have higher net N 
mineralization rates in the organic hofizons of the soils sampled, but the mineral soils had 
equally low rates of N mineralization and nitrification in both stand types. Campbell et 
al., (2000) attributed the increased N mineralization in the organic horizons of the 
hardwoods to differences between stand types in soil moisture, temperature, pH, and 
biotic controls related to competition between plants and microbes. They also 
hypothesized that the lower N cycling rates found in the softwood stands could indicate 
that softwoods might be more sensitive to increased N deposition. Finzi et al., (1998) and 
Fernandez et al., (2000) both found results similar to Campbell et al., (2000) with 
hardwood stands demonstrating significantly higher net N mineralization rates compared 
with softwoods in the organic horizons. This was attributed to differences in SOM 
quality such as the C/N. Aber et al., (1993) found similar results at the Harvard Forest, 
MA after 3 years of chronic N fertilization. Immediately following treatment, Aber et al., 
(1993) found higher rates of net N mineralization and net nitrification in the softwood 
stands in the mineral soils and the opposite true for the organic horizons in the hardwood 
stands. Aber et al., (1993) also found the softwoods to show larger changes in extractable 
N, foliar N, nitrification and N leaching loss, lending support to the premise that 
softwoods may be more sensitive to increased N deposition (Campbell et al., 2000). 
Net N mineralization rates have been found to-vary seasonally in temperate forest 
soils with greater rates in the growing season, especially midsummer than the winter 
(Garten et al., 1994; Boone 1992; Nadelhoffer et al., 1984; Vitousek and Matson 1985). 
Temporal trends in soil m - N  and net N mineralization potential also suggest that 
maximum soil N availability occurs during the time of high nutrient demands by forests 
to initiate spring root growth (Garten et al., 1994). Vitousek and Matson (1985) 
demonstrated a 10-fold seasonal rang& for potential net N mineralization (PNNM) in the 
mineral soil and found that temperature and moisture were largely responsible for the 
large variation observed. 
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CHAPTER 2 : DECADAL RESPONSES IN SOIL N DYNAMICS AT THE BEAR 
BROOK WATERSHED IN MAINE 
INTRODUCTION 
Over the past 50-100 years atmospheric N deposition has increased across both 
Europe (Gunderson 1995; Dise and Wright, 1995) and the northeastern U.S. (Galloway et 
al., 1995; Aber et al., 1993) due largely to human activities including fossil he1 
combustion and changes in agricultural practices. Although N is considered to be 
limiting in most forest ecosystems throughout the world (Schlesinger 1997), it is also 
considered a potential pollutant in some ecosystems (Torseth and Semb, 1997). 
Furthermore, increasing emissions of NOx contributes to the formation of ozone (Seinfeld 
1986). N in excess of biological demand can lead to soil acidification, which in turn can 
cause root damage, thereby reducing the ability of plants to take up N (Henriksen and 
Hessen, 1997). Other consequences of increased N deposition include: spruce forest 
decline (McNulty et al., 1 996), increased A1 mobility (Lawrence and David 1997), 
mercury accumulation in fish (Driscoll et al., 1994), increased NO3-N leaching resulting 
in acidification of streams, eutrophication of estuaries and coastal waters (Murdoch and 
Stoddard, 1992; Henriksen and Hessen, 1997), and increased contamination of NO3-N in 
drinking water (Spalding and Exner, 1993). 
In N-limited soils, the rates of ammonification and nitrification are low compared 
to N-enriched soils. This is because in an N-limited ecosystem, N&-N made available 
via mineralization is quickly utilized by both plants and soil microbiota or retained by 
soils through adsorption to cation exchange sites. This can result in little NH4-N being 
leached or available for nitrification. However, once assimilatory needs have been met, 
additional m - N  is available for nitrifier communities that oxidize m - N  to NO3-N. 
This NO3-N can then be leached owing to its low retention by most soils and under 
conditions of low oxygen availability'denitrification can convert much of NO3-N to N20 
or N2. (Aber 1993; McNulty et al., 1996; Mohn et al., 2000). 
Nitrification and N mineralization rates are one among many microbial activities 
that have been studied to assess effects of disturbance including fertilization (Gilliam et 
al., 1996; McNulty et al., 1993), harvesting (Fenn et al., 1998; Frazer et al., 1990), land 
use history and other disturbance (Goodale and Aber 2001; Goodale et al., 2000) and 
climate (Mitchell et al., 1996; Pastor and Post 1988; Rustad et al., 2000; Peterjohn et al., 
1994). Nitrogen mineralization has also been used in forest ecology to evaluate forest 
succession (Gower and Son 1992) and the subsequent effects on forest types (Cole and 
Rapp 1981; Campbell et al., 2000). A number of researchers have found 0 horizons soils 
under hardwoods to have significantly higher rates of N mineralization compared to 0 
horizon soils under softwoods (Campbell et al., 2000; Aber et al., 1993; Finzi et al., 1998; 
Ferrari 1993). This has been attributed to differences in soil moisture, pH, temperature, 
carbon to nitrogen (C/N) ratios and biotic mechanisms related to competition between 
plants and microbes (Campbell et al., 2000; Aber et al., 1993). Campbell et al., (2000) 
and Aber et al., (1993) have hypothesized that the lower N cycling rates observed in 
softwoods could indicate that softwoods might be more sensitive to deleterious effects of 
increased N deposition than hardwoods. 
Long-term elevated N deposition can result in N saturation at a site where N 
availability is chronically in excess of microbial and plant demand (Aber et al., 1989; 
Agren and Bosatta 1988). Nitrogen saturation is manifested in an ecosystem by initial 
increases in net N mineralization rates (thought to be a fertilization effect) followed by 
sharp declines. These declines in N rhineralization parallel increases in net nitrification 
rates and are often followed by declining tree growth after saturation is reached (Aber et 
al., 1998). 
Since many of Europe's ecosystems have progressed farther on the N saturation 
continuum than in North America, researchers there have provided valuable insights into 
the progression of N dynamics during the evolution of N saturation. The Experimental 
MANipulation of Forest Ecosystems project in Europe (EXMAN) (Rasmussen et al., 
1990) and the NITRogen Saturation Experiments in Europe (NITREX) @ise and Wright, 
1992) addressed the effects of increased N deposition on biogeochemical cycling in 
European coniferous forests. In both Europe and North America the most commonly 
used indicator of the N status of a site is stream NO3-N export (e.g. Aber et al., 1993, 
Adams et al., 1997, Andersson et al., 2002). However, stream chemistry is a function of 
internal watershed processes such as N mineralization and nitrification in soils. 
Therefore, this study was designed to evaluate N dynamics at the Bear Brook Watershed 
in Maine (BBWM) after more than a decade of experimental N enrichment. The specific 
objectives of this research were to determine the effects of increased N deposition on net 
N mineralization and net nitrification at BBWM and the influence of forest type on those 
processes. 
MATERIALS AND METHODS 
Site Description 
The Bear Brook Watershed in Maine (BBWM) is located in eastern Maine at 
44'52' north latitude and 68'06' west longitude, approximately 60 km fiom the coast of 
Maine (Figure 1 .l) and is located on the upper 210 m of the southeast slope of Lead 
Mountain. BBWM is a paired watershed experiment that began in 1987. BBWM was 
established to evaluate a whole ecosystem response to elevated N and S deposition in a 
low alkalinity forested stream watershed in northern New England (Norton et al., 1999) 
utilizing the paired watershed approach (Likens et al., 1977). Both watersheds are 
topographically similar (Wang and Fernandez, 1999) and had similar patterns of output 
fluxes for elements prior to manipulation (Norton et al., 1999). The East Bear watershed 
is 10.95 ha while West Bear is 10.26 ha. A first order stream drains each watershed with 
an average slope fiom the top of the watershed to the weirs of 31% (Norton et al., 1999). 
The vegetation at BBWM includes both hardwoods and softwoods, with 
hardwoods and mixed woods dominating the lower -60% of the watersheds. Hardwoods 
include American beech Fagus ~andifolia Ehrh.), sugar maple (Acer saccharurn 
Marsh.), red maple (Acer rubrum L.), with minor yellow birch (Betula alle&aniensis 
Britt.) and white birch (Betula papirifera). The hardwood forest is successional following 
logging prior to 1945 (Wang and Fernandez, 1999). The upper areas of the watersheds 
are nearly pure softwood s tads  80-120 years old including red spruce (Picea rubens 
Sarg.), balsam fir (Abies balsamea L.) and hemlock (Tsuna L. Cam). 
Softwood, mixed wood, 
Fig. 1 .1 .  Relative location of the Bear Brook Watershed in Maine. 
and hardwoods cover approximately 25,40, and 35% of the total watershed areas, 
respectively (Wang and Fernandez, 1999). 
The soils are acidic, have low base saturation, cation exchange capacity, and 
sulfate adsorption capacity (Norton et al., 1999). Bedrock geology consists of 
metamorphosed quartzites and calc-silicate gneiss. Further details of the study site can be 
found in Norton et al. (1999) and Fernandez and Adams (2000). 
Nitrogen additions to the West Bear watershed were initiated in 1989 and 
consisted of bimonthly additions of dry (NH&S04 typically with two applications to the 
snowpack, two during the growing season, one in the spring and one in the fall. The 
West Bear watershed receives 25.2 kg N ha-'year'l of N treatments resulting in estimated 
total N inputs (wet + estimated dry + treatment) of 33.6 kg N ha-lyeafl. The reference 
East Bear watershed receives 8.4 kg N ha-lyearl of ambient wet plus estimated dry 
deposition (Norton et al., 1999). 
Experimental Design 
Within each watershed, four 10x10 m plots were established with two of the four 
plots in each watershed in hardwoods and two in sofhoods. Plots were chosen to have 
comparable slopes, dominant tree species, and proximity to streams between watersheds. 
Four replicate soil samples were collected fiom each 10x10 m plot on five different dates 
(September 19,2000, June 11 and 12,2001, July 2,2001, August 6 and 7,2001 and 
September 17,2001). In-situ incubations varied for logistical reasons by sampling period 
and were 35,28,21,14, and 14 days, respectively. Soil sampling depth increments 
included the 0 horizon and the uppermost 15 cm of the B horizon using a 15x1 5 cm 
frame for sampling, excluding the E horizon when present. In the lab, samples were 
sieved and each sample was then divided into three subsamples. Subsamples were 
numbered to indicate that they were (1) "time zero" or the initial NO3-N and m - N  
extractions prior to incubations, (2) subsamples for the 14 day laboratory incubations, or 
(3) subsamples that were placed in labeled polyethylene bags and re-buried for in-situ net 
N mineralization for 14 to 35 days according to Eno (1960). 
Soils were transported on ice packs and stored at 4 ' ~  prior to extraction. Soil 
extractions were completed within 24 hours of collection. Extracts were frozen until they 
could be analyzed for m - N  and NO3-N. Analyses were conducted by similar methods 
at both the Institute of Ecosystem Studies (IES) in Millbrook, NY and the University of 
Maine's Analytical Laboratory. A subset of samples were analyzed at both laboratories to 
assure data quality with excellent agreement between facilities. 
Net N Mineralization and Net Nitrification 
Net N mineralization and net nitrification were assessed using both a 14-day 
laboratory incubation (Hart et al., 1994) and an in situ method (Eno 1960). Both methods 
were chosen to assess N mineralization and net nitrification in order to estimate actual 
rates in the field exposed to variable temperatures (in situ method) as well as measuring 
the potential for mineralization by the nitrifjrlng communities present in the soil under 
more ideal laboratory conditions (14-day laboratory incubation method). While 
laboratory incubations do not quantitatively measure actual rates of these processes under 
field conditions, they are widely used for their value as an index of N dynamics and for 
some of their practical advantages in the context of field research. Net N mineralization 
is defined as the difference between the sum of NO3-N and m - N  before and after 
incubation, while net nitrification is the difference for NO3-N alone. 
Field moist 0 horizon soils were sieved through a 6 mm mesh sieve and mineral 
soils were sieved through a 2 mm mesh sieve. A 15+0.05 g subsample of field moist soil 
was placed in a plastic cup and incubated in the dark at -22' C for 14 days. A -5g 
subsample of field moist soil was also used to determine oven-dry moisture content (0 
horizon soils were dried at 6 5 ' ~  and mineral soils were dried at 105'~). At the initiation 
of the experiment, "time zero" subsamples were extracted immediately with 100 mL of 
2M KC1 to determine initial NO3-N and m - N  concentrations. After 14 days of 
laboratory incubation or 14-35 days of in-situ incubation, soils were extracted as above. 
Net N mineralization was calculated as NO3-N plus m - N  (at time 14 days for 
laboratory incubations or varying in situ times) minus NO3-N plus m - N  (time zero for 
initials). Soil pH was determined in deionized water according to Hendershot et al. 
(1993) for samples collected in September 2000. Soil pH fiom this research was highly 
correlated with soil pH measured during a quantitative soil study in 1998 at BBWM 
(Fernandez, unpublished data) when evaluated at the plot level. Concentrations of NO3-N 
and m - N  were determined on an 01  Analytic Dual-Channel Automated Ion Analyzer at 
the University of Maine's Analytical Laboratory and on a Perstop Flow Solutions 3000 
Injection Analyzer at E S .  
N Budget Calculations 
Biomass N was calculated as the sum of above and belowground biomass N 
content, both of which were estimated using allometric equations fiom the literature. 
Total soil N was calculated fiom a quantitative soil study conducted in 1998 at BBWM 
(Fernandez, unpublished data). Total N in the mineral soils was defined in this study as 
all soil below the 0 horizons, excluding the E horizon, but including all B and C horizons 
to a 1 m depth. Total pedon values for total N were the sum of the 0 horizon and all 
mineral soils. Extractable N data fioh the 1998 soil studies were only available for the 0 
horizons and mineral soils to a depth of 5 cm. Annual in situ net N mineralization was 
taken as growing season net N mineralization and calculated for May 1,2001 to October 
31,2001. Since soils were collected in June, July, August and September 2001, June and 
September 2001 were used to extrapolate estimates for both May and October. 
Statistical Design 
The statistical design was a split-split plot between treatments, forest types and 
time. In this design, factor A was the East and West Bear watersheds, factor B was the 
hardwood and softwood forest types and factor C was time. Analyses were performed 
separately on 0 horizons and mineral soils given the dramatically different characteristics 
of each horizon. Data required rank transformations and were subsequently analyzed by 
ANOVA on the Statistical Analysis System (SAS System, 1999) with an alpha level of 
0.05. 
RESULTS AND DISCUSSION (Net Nitrogen Mineralization and Net Nitrification) 
Watershed Effects 
Organic horizons potential net N mineralization (NNM) was significantly higher 
in the treated West Bear watershed compared to the reference East Bear watershed (Table 
1.1). Wang and Femandez (1 999) reported potential NNM after four years of treatment at 
BBWM and found no significant differences between the watersheds. They attributed 
their findings to either no treatment effect on potential NNM, or that differences were 
masked by high variability in the data. Furthermore, they pointed out that watershed 
level comparisons did not take into account the effects of forest type and suggested that 
watershed by dominant forest type contrasts were more appropriate. The occurrence of 
significantly higher potential NNM in West Bear 0 horizons in this study, after twelve 
years of continuous treatment, could reflect the evolution of N accumulation in the 
treatment watershed. All of the net N mineralization results showed a consistent trend 
towards higher numerical means in West Bear compared with East Bear. West Bear in 
situ net N mineralization means were nearly 40% higher in the 0 horizons of West Bear 
but nearly the same in the mineral soils although neither was significantly different 
between watersheds. It is logical that potential NNM, an indicator of incipient change 
carried out under more ideal laboratory conditions for microbial co~lmunities might best 
reveal a shift in N dynamics in the 0 horizon before in situ NNM, measured under 
variable field conditions that are often less than ideal. 
Table 1-1. Net N mineralization and net nitrification (mg N kg-'soil 6') for both watersheds and forest types (standard 
errors in parentheses) 
Net N minedimtion Net Nitrification 
-mg N kg"soil day-'-- -mg N kg-'soil day-'- 
Soil 14 day lab 14 day lab 
Horizon In-siru incubation In-siru incubation 
Watershed 
East Bear 0 Horizon 3.00 (0.46) 4.a (0.53) t 
Mineral 0.24 (0.09) 0.91 (0.09) 
West Bear 0 Horizon 425 (0.59) 10.30 (1.07) 
Mineral 0.21 (0.07) 1.01 (0.19) 
Softwood 0 Horizon 2.17 (0.25) t 4.76 (0.47) t 
Mineral 032 (0.09) 138 (0.09) t 
Hardwood 0 Horizon 5.07 (0.66) 1036 (1.09) 
Mineral 0.13 (0.07) 0.65 (0.1 8) 
Forest T m e  
indicates significance at the 0.05 level for contrasts within either watershed or forest type within horizons. 
Increased N mineralization rates in northeastern forests soils in response to 
experimental N enrichment have been reported previously at the Harvard Forest, 
Massachusetts (Magill et al., 1997), Mt. Ascutney, Vermont (Aber et al., 1995), and the 
Fernow Experimental Forest, West Virginia (Gilliam et al., 2001). Increased N 
mineralization rates at the beginning of N additions are attributed to a fertilization effect 
(Aber et al., 1998). Aber et al., (1998) hypothesized that during stages 2 and 3 along a 
temporal N saturation continuum, N mineralization rates'decrease due to one of two 
hypotheses: 1) increased N deposition results in the randomization of chemical bond 
structures in N containing soil organic matter thereby reducing efficiencies of 
extracellular catabolic enzymes resulting in decreasing decomposition rates or 2) the 
production of humus-degrading microbes is suppressed in the presence of elevated N. 
Stream chemistry for the treated West Bear watershed indicated that BBWM is at stage 2 
of N saturation (Aber et al., 1995; Fernandez and Adams 2000). Stage 2 in the N 
saturation continuum is consistent with higher mean net N mineralization rates found in 
West Bear compared to East Bear. 
Rates of both potential and in'situ net nitrification (NN) were significantly higher 
in the West Bear compared to the East Bear watershed in both the 0 horizon and mineral 
soils (Table 1.1). The relative difference was much greater for 0 horizons than mineral 
soils interpreted as a reflection of responsiveness to added N. Wang and Fernandez 
(1999) also found significantly higher potential NN rates in the forest floor of the treated 
West Bear watershed compared to the East Bear watershed early in the study. 
Inorganic N in acidic forest soils tends to be dominated by N&-N rather than 
NO3-N. This is due in part to the fact that m - N  is the initial form of inorganic N 
produced from mineralization with subsequent nitrification often limited in forest soils by 
organic matter quality and acidity, and that NO3-N is easily leached. The dominance of 
m - N  was evident in the net N mineralization data from the 0 horizons in both 
watersheds (Table 1.2) and has been reported for other sites in the northeastern United 
States (McNulty et al. 1996; Aber and Melillo 1991). Although the majority of 
significant differences in this study were observed in potential and in situ NN (Table 1. I), 
differences in net nitrification did not generally translate into significant differences in N 
mineralization because in most cases mineralized N was almost entirely attributable to 
m - N  (Table 1.2). A notable exception to the m - N  dominated soils at BBWM is 
West Bear mineral soils that showed NO3-N comprised the majority of net N 
mineralization in both hardwood and softwood forest types (Table 1.2) as did the in situ 
East Bear hardwood mineral soils. 
That the treated West Bear mineral soils demonstrated higher NO3-N 
concentrations compared to N&-N is consistent with hypotheses regarding the 
progression of the stages of N saturation (Aber et al., 1998), where NO3-N becomes an 
increasingly larger component of net N mineralization especially in the mineral soils. 
Fenn et al., (1998) hypothesized that elevated N additions may increase nitrification rates 
by supporting larger nitrifying microbial populations in soils due to the increase of 
substrate N&-N. Magill et al., (1997) found an increased percentage of net nitrification 
in relation to net N mineralization in N enriched plots at the Harvard Forest, 
Massachusetts. They showed that net nitrification, as a percentage of net N 
mineralization, increased fiom 17% at the beginning of N additions in 1988 to 5 1 % in 
1993, with most of this increase occurring in the mineral soil of a monoculture red pine 
stand. No clear explanation for the relative importance of net nitrification to net N 
mineralization in the East Bear hardwood mineral soils is evident but rates of N turnover 
were exceedingly low in this soil material. 
Gilliam et al., (2001) reported that environmental factors such as soil temperature 
and soil moisture strongly influenced net nitrification rates in the untreated forested 
watersheds at the Fernow Experimental Forest (FEF) in West Virginia. However, they 
found that these environmental factors were not as strongly correlated with net 
nitrification rates in their experimental watershed between four and six years after the 
beginning of treatments with (N&)*So4. They suggested that N additions might alter the 
relationship between microbes and their environment, causing microbes to become more 
Table 1.2. Percentage of net N mineralization comprised of Nth-N and NO,-N averaged 
over the five collection periods. 
N min N min 
dominated by dominated by 
Watershed Forest Type Horizon Method NH,-N (%) NO3-N (%) 
East Bear Hardwood 0 Horizon 
Mineral 
East Bear Sofiwood 0 Horizon 
Mineral 
West Bear Hardwood 0 Horizon 
Mineral 
West Bear Sofiwood 0 Horizon 
Mineral 
14 day 
in situ 
14 day 
in situ 
14 day 
in situ 
14 day 
in situ 
14 day 
in situ 
14 day 
in situ 
14 day 
in situ 
14 day 
in situ 
sensitive to N additions rather than environmental factors. Koopmans et al., (1995) found 
similar results in coniferous forests in the Netherlands where environmental factors were 
not as strongly correlated with net nitrification rates in the high N deposition plots 
compared to the ambient and low N deposition plots. No significant correlations between 
soil temperature or soil moisture and potential or in situ NNM were found in our data at 
BBWM. The disparity in results between this study and that of Gilliam et al., (2001) may 
be due to climatic or soil differences between the sites. The Fernow Experimental Forest 
has a mean annual temperature 5' C higher and receives on average 15 cm more 
precipitation than BBWM leading to warmer soil temperatures and possibly higher 
moisture contents in the soil (Fernandez and Adarns 2000). 
Forest Type Effects 
Table 1.1 shows the potential and in situ NNM means by major forest type at the 
BBWM. Both potential and in situ methods showed significantly higher rates of net N 
mineralization in hardwood compared to softwood 0 horizons. In contrast, there was 
significantly lower potential NNM in hardwood compared to softwood mineral soils. Net 
nitrification results showed no significant differences between forest types although 
numerical trends paralleled the contrasting patterns seen in NNM between 0 and mineral 
soil horizons. 
Opposing trends in net N mineralization between organic and mineral horizons in 
hardwoods versus softwoods have been shown in other studies in the northeastern United 
States (Aber et al., 1993; Fernandez et al., 2000; Campbell et al., 2000; Finzi et al., 1998). 
Campbell et al., (2000) attributed the higher N cycling rates in hardwood 0 horizons to 
differences in soil moisture, pH, and biotic controls related to competition between plants 
and microbes. They found lower rates of N mineralization in the mineral soils although 
there were no significant differences in mineral soils between forest types. 
Fernandez et al., (2000) looked at potential NNM, potential NN and potential net 
amrnonification at 20 hardwood stands and 9 softwood stands across Maine including the 
reference watershed at BBWM. They found significantly higher 0 horizon potential 
NNM and potential NN in hardwoods compared to softwoods. They also found that both 
forest types had similar 0 horizon N concentrations, but total C concentrations were 
higher under softwoods leading to a higher C/N ratio under softwoods. Higher C/N ratios 
are often correlated with lower N mineralization rates in forest soils (Fernandez and 
Adams 2000; Vitousek et al., 1982; Blair et al., 1990). Quantitative soil excavations and 
analyses at BBWM (Fernandez, unpublished data) showed softwoods had significantly 
higher C/N ratios than hardwoods in both organic and mineral horizons (Table 1.3) which 
could explain why hardwoods had significantly higher NNM rates in the 0 horizons 
compared with softwoods. 
Results from the European NITREX project showed C/N ratios could be an 
indicator of N03-N leaching (Gunderson et al., 1998; Dise et al., 1998). Gunderson et al., 
(1 998) found that conifer stands in temperate forest ecosystems in Europe having a C/N 
ratio below 25 leached N03-N or had elevated N03-N concentrations. They suggested a 
C/N ratio continuum where the potential for NO3-N leaching is low with 0 horizon C/N 
ratios above 30, moderate for sites with C/N ratios between 25-30 and high for those with 
C/N ratios below 25. Thus, in addition to soil moisture, pH, and competition, litter 
Table 1.3. Soil pH, total N, total C and total C:N ratio by horizon and depth from the quantitative soil excavations in 1998 
(standard errors given in parenthesis). 
Watershed Forest Type 
Fine 
PHW Total N Total C Total C:N Earth 
East Bear Hardwoods 0 horizon 4.01 (0.d) t 1.56 (0.06) 34.3 (1.49) t 22 (0.99) t 82652 (9957) t 
S-cm 4.28 (0.04) t 0.49 (0.06) 8.83 (0.84) 19.41 (0.81) t 146059 (201 77) 
East &ar Softwoods 0 h a l w  3.54 (0.04) t$ 1.41 (0.03) 40.64 (0.81) tt 29.20 (0.94) tt 159393 (27270) 
5-cm 4.07 (0.05) t 0.39 (0.04) 9.28 (0.82) 24.39 (0.62) tt 144733 (12750) 
5-25 cm 4.36 (0.06) t 0.32 (0.03) 7.69 (0.70) 24.08 (0.41) tt 680275 (60916) 
West &u Hardwoods 0 horizon 3.97 (0.06) t 1.44 (0.05) 33.63 (1.45) 23.31 (0.54) 86 1 1 1 (1 9293) 
5-m 4.18 (0.05) 0.43 (0.03) 8.59 (0.64) 19.92 (0.37) t 120254 (I 1001) 
5-25 cm 4.59 (0.05) t 0.33 (0.03) 6.65 (0.57) 20.60 (0.39) t 704367 (8 1687) 
West &ar Softwoods O M  3.69(0.05) tt ' 1.49 (0.05) 37.54(126) $ 25.68 (1.25) t 139519 (11661) t 
5zm 4.09 (0.04) 0.46 (0.05) 9.8 1 (0.95) 22.22 (0.67) & 143093 (12571) 
5-25 cm 4.43 (0.04) t 030 (0.02) 6.47 (0.38) 22.28 (0.68) t$ 768772 (50000) 
"7" indicates significance between vegetation types within a watershed at the 0.05 level. 
"2" indicates significance between watersheds within a vegetation type at the 0.05 level. 
quality (e.g., C/N ratio) also is a determinate of NNM and NN. Table 1.3 shows 
softwood stands at BBWM have 0 horizon C/N ratios of 29 and 26 for East and West 
Bear watersheds, respectively (Table 1.3); indicating that the softwood stands at BBWM 
may be leaching moderate amounts of NO3-N according to the findings of Gunderson et 
al. (1998). During 1997 the West Bear watershed discharged -5 kg N ha-' while East 
Bear discharged -0.1 kg N ha-' (Xahl et a]., 1999) paralleling the differences in the C/N 
ratios between watersheds. Similar to Gunderson et al., (1998), Dise et al. (1998) 
examined the hypothesis that C/N ratios of the 0 horizons could be used to estimate the 
level of NO3-N leaching fiom an ecosystem, but finthered Gunderson et al. (1998) work 
by examining a range of N deposition conditions and evaluated how N deposition affects 
both C/N ratios and NO3-N leaching. Dise et al., (1998) found that at low levels of N 
deposition (<9 kg N ha-' year-') NO3-N leaching was minimal regardless of the 0 horizon 
C/N ratio. At intermediate (9-1 8 kg N ha-' year-'), high (1 8-30 kg N ha-' year-'), and very 
high (>30 kg N ha-' year'') levels of N deposition, NO3-N leaching increased with 
increasing N deposition and decreasing C/N ratios. BBWM receives an estimated 
ambient total N deposition of 8.4 kg N ha-' year-', with the treated West Bear watershed 
receiving 33.6 kg N ha-' year' as both ambient atmospheric deposition plus treatment 
&ah1 et al., 1999). According to Dise et al., (1998) the very high N deposition (>30 kg N 
ha-' year-') to West Bear should induce higher NO3-N leaching compared to East Bear. 
This is reflected in the higher stream NO3-N export in West Bear compared with East 
Bear (Kahl et al., 1999). However, other parameters need to be taken into account when 
predicting NO3-N leaching besides C/N ratios and amounts of N deposition such as site 
and land-use history (Goodale and Aber 2001; Ollinger et al., 2002; Gunderson et al., 
1998; Dise et al., 1995, 1998). 
Studies examining C/N ratios as a predictor of NO3-N leaching, N mineralization, 
and nitrification have also been conducted in the U.S. (McNulty et al., 1991; Lovett and 
Reuth 1999; Goodale and Aber 200 1 ; Ollinger et al., 2002). Typically negative 
correlations have been reported between 0 horizon soil C/N ratios and N mineralization 
and nitrification rates (Goodale and Aber 2001 ; McNulty et al., 199 1 ; McNulty et al., 
1996; Ollinger et al., 2002). The strongest correlations are usually between soil C/N 
ratios and nitrification rates. Lovett and Reuth (1999), Ollinger et al., (2002) and 
McNulty et al., (1 996) all reinforced the premise that a threshold C/N ratio of 20-25 in 
both softwoods and hardwoods exists where nitrification sharply increases at or below 
this range. 
The discussion of 0 horizons above, where lower C/N ratios correlate with higher 
net N mineralization and NO3-N leaching, may explain why the 0 horizons in the 
hardwood stands have significantly higher net N mineralization rates compared to the 
softwood stands. It does not explain why the opposite trend exists in the softwood 
mineral soils. We hypothesize one of two possibilities for the softwood mineral soil 
results. The first hypothesis is that 0 horizons in hardwoods mineralize N at a faster rate 
than softwoods because of higher tissue N concentrations (Nadelhoffer et al., 1995) and 
more rapid rates of litter decomposition (Finzi et al., 1998). This leaves only the more 
recalcitrant humic materials to illuviate into the mineral soils below. In contrast, 
softwood litter is slower to decompose in the 0 horizons because of its higher 1ignin:N 
and C/N ratios (Ferrari 1993), resulting in less 0 horizon mineralization and hurnification 
with more rnineralizable substrate illuviating into the mineral soils. Thus, more labile C 
is available in softwood mineral soils to respond to N enrichment. The second hypothesis 
is that softwood and hardwood mineral soils mineralize N at similar rates, but softwood 
mineral soils are more sensitive to increased N deposition causing an increase in net N 
mineralization to result in the softwoods with N enrichment. A higher sensitivity to N 
deposition in softwoods for N mineralization has also been hypothesized by others 
(Campbell et al., 2000; Aber et al., 1995). Campbell et al. (2000) hypothesized that 
softwood species may be more sensitive to N deposition if softwood sites have lower 
rates of N assimilation into foliage and bolewood compared to hardwood sites 
(Nadelhoffer et al., 1995). 
No significant differences were observed for potential or in situ NNM or NN 
between watersheds by dominant stand type (Figure 1.2). Similar numerical patterns 
were observed between watersheds dnd forest types: 1) 0 horizons had higher net N 
mineralization and net nitrification rates than mineral soils; 2) potential NNM and NN 
rates were higher than in situ NNM and NN rates; 3) hardwood soils, particularly in West 
Bear, had higher nitrification rates compared to softwoods. Wang and Fernandez (1 999) 
also found no significant differences in potential NNM between the two watersheds by 
dominant stand type. In this study, West Bear hardwood 0 horizon soils had twice the 
rates of potential and in situ NNM than East Bear hardwood soils (Figure 1.2) after 
twelve years of continuous treatment. The higher rates of potential and in situ NNM in 
West Bear hardwoods compared to East Bear hardwoods could reflect the progressive 
accumulation of ecosystem N. The lack of significant differences in potential NNM 
between watersheds by dominant stand type in both this study and Wang and Fernandez 
(1999) could be attributed to: (a) high variability, (b) rapid immobilization of added N by 
soil microbes and plant roots, (c) adsorption of m - N ,  (d) denitrification, or (e) 
nitrification and subsequent NO3-N leaching. In response to these possibilities, (a) high 
variability in this study was evident by the large standard deviation of the mean (120% of 
the mean for the 14 day laboratory incubations and 160% of the mean for the in situ 
incubations), (b) immobilization by soil microbes and plant roots was not in the scope of 
this study, however, there is evidence for this immobilization mechanism in both soil 
Fig. 1.2. Net N mineralization between watersheds, tree types and soil horizons in 
both the laboratory and in situ incubated samples. Note: WB - the West 
Bear watershed; EB - the East Bear watershed; S - softwood forest type; 
H - hardwood forest type; 0 - 0 horizons; M - mineral soils; 14D - 14 
day laboratory incubations; IS - in situ incubations. 
biota and trees from previous work at BBWM (White et al. 1999; Nadelhoffer et al., 
1999), (c) given the high CEC of the soils at BBWM as well as the greater 
exchangeable m - N  in the West Bear watershed, it is probable that there was adsorption 
of N&-N, (d) there is no denitrification data from BBWM at this time, (e) there is 
evidence of increased nitrification an;d NO3-N leaching in streams as noted above from 
the treated West Bear watershed at BBWM (Kahl et al. 1999). 
Temporal Patterns 
There was a temporal trend for declining NNM and potential NN over time in this 
study (Figure 1.3). These trends appear to be attributable to declining moisture over the 
study period Figure 1.4). Both temperature and moisture strongly influence microbial 
activity in soils and subsequently N mineralization and nitrification rates (Arnold et al., 
1999; Sarathchandra et al., 1989). Although warmer soils can lead to increased N 
mineralization rates Fenn et al., 1998), warmer soils can also lead to decreases in soil 
moisture that may have negative effects on microbial populations (Van Gestel et al., 
1993). Arnold et al., (1999) reported on microbial biomass at different experimental soil 
temperatures and resultant moisture regimes in the 0 horizons at the Howland Integrated 
Forest Study site in Maine. They suggested that a moisture threshold may exist in the 0 
horizons between 20-120% moisture content, above which soil temperature had a strong 
influence on microbial biomass, and below which moisture was the dominant factor 
limiting microbial activity. Results from this study support the hypothesis that a moisture 
threshold exists in the 0 horizons of these forest soils between approximately 75 to 130% 
moisture content (Figure 1.3). Above this threshold, soil temperature had a greater 
influence on soil microbial processes compared to soil moisture and below this threshold 
the opposite was true. Since in situ NNM rates declined after the July 2001 collection 
(Figure 1.4) coincidental with an 0 horizon soil moisture decline to approximately 75% 
(Figure 1.3), we hypothesize that moisture was primarily responsible for the decline in in 
situ NNM rates and controlled the temporal pattern of in situ NNM over time in this 
study. This does not negate the possibility of substrate availability, substrate quality, 
phenology or other factors contributing to these results. The decline of in situ NNM rates 
were most clearly demonstrated by East and West Bear hardwoods and West Bear 
softwoods (Figure 1.4). Similar declines were evident in potential NNM and potential 
NN but the declines in potential NNM did not occur until after the August 2001 
collection. Potential NNM may have demonstrated an effect of declining moisture later 
because soil mixing and laboratory incubations at -22 '~ made microbial communities 
less sensitive to moisture stress compared to in situ measurements subjected to variable 
field conditions. It should be noted that this trend was not demonstrated in the mineral 
soils where relative moisture declines were less marked over the duration of the study. 
Soil N Content and Watershed N Budgets 
Similar trends in soil N dynamics were observed between watersheds and forest types 
when data were expressed on a mass of N per unit surface area basis, as was reported 
above for soil concentration data. Notable exceptions that differed fiom the 
concentration results for the main effects of watershed and forest type were: (1) in situ 
Fig. 1.3. 
- t - E B S W  
-t- WBSW El 
In situ net N mineralization compartmental rates over time. EBSW - East 
Bear watershed, softwood forest type; ERHW - East Bear watershed, 
hardwood forest type; Ul3SW - West Bear watershed, softwood forest 
type; WBHW - West Bear watershed, hardwood forest type. 
Fig. 1.4. 0 horizon and mineral soil percent initial moisture over time (standard 
errors in parentheses). 
NNM had significantly higher means in West Bear compared with East Bear in the 0 
horizons, and (2) potential NNM was no longer significantly higher in hardwood 0 
horizons compared to softwood 0 horizons or softwood mineral soils compared to 
hardwood mineral soils. The loss of a statistical significance was the result of the slightly 
different soil masses between waterslieds although numerical trends remained the same. 
Table 1.4 shows mass per unit area data for the interaction between watershed and forest 
type for both net N mineralization and net nitrification. West Bear NNM was 
significantly higher than East Bear for both softwoods and hardwoods. It is noteworthy 
Table 1.4. In situ net N mineralization and nitrification (kg N ha-' soil day-') for watersheds by forest type 
(standard errors in parentheses). 
West Bear East Bear 
Softwoods Hardwoods Softwoods Hardwoods 
net N mineralization 
0 Horizon 0.476 (0.064) t 0.464 (0.079) 7 0.100 (0.029) . 0.386 (0.075) 
Mineral 0.076 (0.012) 0.071 (0.069) 0.139 (0.059) 0.065 (0.021) 
net nibification 
0 Horizon 0.066 (0.015) 0.103 (0.020) 0.004 (0.002) 0.009 (0.004) 
Mineral 0.071 (0.008) 0.063 (0.067) 0.055 (0.01 1) 0.063 (0.015) 
"t" indicates significance between watersheds by forest type at the 0.05 level. 
that the increase in West Bear over East Bear in the 0 horizons for NNM is -5X for 
softwoods but only -1.2X for hardwoods. The higher softwood NNM in West Bear 
compared to the reference East Bear watershed suggests that this forest type may be more 
responsive to changes in N dynamics in the forest floor after twelve years of treatment, in 
contrast to results from earlier in the BBWM experiment when it was suggested that 
hardwoods had a higher sensitivity to treatments (Wang and Fernandez 1999). The data 
reported here show that both forest types have a higher and now roughly equal rate, of 
NNM in the 0 horizons presumably as a result of the different relative increases they 
showed in response to treatments. 
Annual net N mineralization and net nitrification were estimated using data 
extrapolated from May 1 to October 3 1 and assuming no N turnover during the dormant 
season. These data were then used to construct a simple N budget for BBWM to provide 
a whole ecosystem context for data from this study. Estimated biomass N was small 
compared to total soil N, and represented only 6-7% of total soil N in both watersheds 
while estimated annual NNM was -0.6% of total soil N in East Bear and only -1 % in 
West Bear. Although the majority of total soil N was found in the mineral soils, the 
majority of NNM occurred in the 0 horizons in both the treated and reference watersheds 
(Figures 1.5 and 1.6). A lower rate of decomposition and N turnover in the mineral soils 
presumably reflects the fact that soil organic matter is older and progressively more 
recalcitrant with depth (Federer et al., 1983; Persson et al., 1995). The 0 horizons also 
contained more extractable N than the mineral soils, a logical byproduct of higher rates of 
N cycling. Extractable inorganic N was 0.2-0.6% of total N in both watersheds for the 0 
horizons and upper mineral soil. The most notable difference between watersheds was 
that total NNM was approximately 60% greater in West Bear compared to East Bear due 
largely to the higher rates of NNM in West Bear 0 horizons compared to East Bear 0 
horizons. In contrast to the higher NNM found in the 0 horizons compared to mineral 
soils, higher NN was found in the mineral soils compared to 0 horizons. Net nitrification 
under N treatment in the mineral soilk was also proportionally greater and comprised up 
to 100% of the NNM in the mineral soils as evidenced by the West Bear mineral soil data 
(Figures 1.5 and 1.6). In this estimate of the BBWM watershed N budget it should be 
noted that total soil N includes soil depth increments to the bottom of a one meter pedon. 
We confined our study of net N mineralization and net nitrification to the 0 horizon and 
upper mineral soil increments. This was due to both practical limitations and an 
expectation that the majority of the N mineralization in these soils occurs in these upper 
increments as reported in literature (Federer et al., 1983; Persson et al., 1995). Therefore, 
estimates of whole soil net N mineralization and net nitrification were not possible. Also, 
since actual measurements were limited to growing season data and winter rates were 
assumed to be negligible, these annual estimates are likely conservative. 
These data for N dynamics at BBWM are comparable to those reported in the 
literature for other low elevation forests in the region. Literature values for total soil N 
appear to range from 1034 and 2275 kg N ha-' in the 0 horizon and mineral soil, 
respectively, for a low elevation spruce-fir forest in Howland, Maine (Fernandez et al. 
1993), to 1932 kg N ha-' and 877 kg N ha-' in the 0 horizon and mineral soil, 
respectively, for the Adirondack Region of New York (Mitchell et al. 2001). Federer et 
al. (1983) reported the total N in a softwood stand in Maine was1802 and 3224 kg N ha-', 
and net N mineralization was 15 and 27 kg N ha-Iyear-', for 0 horizons and mineral soils, 
Fig. 1.5. Watershed budget for the West Bear watershed. 
Fig. 1.6. Watershed budget for the East Bear watershed. 
respectively. Cole and Rapp (1981) analyzed data from 14 sites included in the 
International Biological Program (IBP) fkom around the world and found temperate 
coniferous forest soils contained on average 6821 kg N ha-' and temperate deciduous 
forest soils contained on average 5 177 kg N ha-'. Devito et al. (1999) reported net N 
mineralization values for 0 horizons 'in Canadian soils ranged fkom 1 14 kg N ha-lyear'l 
for deciduous forest types to 140 kg N ha-'year-1 for mixed conifer forest types. They 
also reported 52 and 46 kg N ha'lyearl for deciduous and mixed forest types, 
respectively, in the upper 10 cm of the mineral soils, which is -4 times that at BBWM. In 
their measurements of annual net N mineralization, they included the winter months for 
which they reported high rates of net N mineralization (49 to 92% of annual net N 
mineralization). It will be important in future research to better define dormant season 
forest soil N dynamics across a range of climatic regimes for northern forest types. Other 
researchers have also found similar increases in net nitrification in the mineral soils 
compared to the 0 horizons at N treated sites (Andersson et a1 2002; Magill et al. 1997). 
The results fiom this study suggest higher proportions of mineralized N being nitrified, 
consistent with the concepts of the evolution of N saturation in forested ecosystems (Aber 
et al., 1998). 
Input-output estimates showed that -20% and -4% of the total N inputs were 
exported annually in West and East Bear streams, respectively. Therefore -80% of the 
input N was still retained in West Bear, despite the long-term N amendments to this 
watershed. Other investigators in both Europe and in the United States have reported 
high retention of inorganic N even after experimental N additions in forested ecosystems. 
Bergholm and Majdi (2001) reported 93% retention of N inputs in a Norway spruce stand 
in Sweden treated with (NH4)2S04, and 96% retention for their reference watershed. 
They suggested that the spruce stand had a relatively high capacity to accumulate N due 
to high aboveground production. They reported 326 kg ha-' in aboveground biomass. 
Mitchell et al., (1 996b) reported that an untreated watershed in the Adirondack State Park 
of New York retained 74% of wet inputs of N. Similarly, Magill et a]., (1997) observed 
that 85-99% of N additions (50 and 150 kg N ha-lyeel of NH4N03) were retained at the 
Harvard Forest in Massachusetts. It must be noted that none of these studies measured 
gaseous loss, ostensibly by way of denitrification, which may temper the high estimates 
of N retention. Even so, it is likely that even under ambient deposition and treatment N 
amendments these forest soils have at once a large potential for further accumulation of N 
in soil N pools, and yet a high susceptibility for increased N amendments to induce 
accelerated N mineralization, nitrification, and NO3-N export in soil solutions and 
streams. 
Conclusions 
Our results indicate that after twelve years of whole-watershed experimental N 
enrichment, the West Bear watershed demonstrated higher rates of net N mineralization 
and net nitrification consistent with stages in the evolution of N enrichment or "N 
Saturation". However, watershed retention of N inputs was nearly 80% in the treated 
West Bear watershed and over 95% in the reference East Bear watershed, indicating a 
significant potential in both watersheds for continued N accumulation. Of greater 
importance are the changes in N dynamics within the ecosystem, which respond to 
increased N inputs rapidly despite high overall N retention in the watershed. Forest soil 
nitrification plays an increasing role in net N mineralization in the treated watersheds that 
are otherwise dominated by N&-N. Increased stream NO3-N in the treated West Bear 
watershed may best reflect the notably higher rates of N mineralization in hardwood 0 
horizons compared to softwoods, although higher mineral soil N mineralization was 
evident in softwoods compared to hdrdwoods. In addition, earlier studies of N dynamics 
at BBWM showed little or no response in softwoods to the treatments. This suggests that 
forest type is important in understanding watershed response to N deposition. The results 
also indicate that changes in N dynamics not evident earlier in this whole watershed N 
enrichment experiment are emerging afier over a decade of treatments and are providing 
insights into long-term processes ofien undetected in research of limited duration. 
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CHAPTER 3. METHODOLOGICAL APPROACHES FOR ASSESSING NET N 
MINERALIZATION AND NET NITRIFICATION 
INTRODUCTION 
A common goal of both researchers and managers concerned with N cycling in 
forested ecosystems is the evaluation of both the amount of nitrogen (N) in forest soils, N 
turnover, and its availability to plants. Generally speaking measuring total N in soils has 
become routine, but this measurement belies the complexity of N forms and their 
availability. Measuring labile N is much more complex, and methods range from 
attempts to estimate actual rates of N turnover and availability in the field, to indices of 
these same N dynamics by laboratory methods wherein more variables can be controlled. 
Considerable interest in N dynamics in forest soils has also resulted from concerns for the 
effects of long term atmospheric N deposition on forest ecosystems, and the phenomenon 
called N saturation, an ecosystem condition where inorganic N exceeds plant and 
microbial demand (Aber et al., 1989). The most common techniques seek to measure the 
rates of oxidation of organic N to inorganic N (N mineralization), or the transfer of 
ammonium (NI&) to nitrate (NO3). Measurements of N mineralization can be either 
measurements of net N mineralization or gross N mineralization (Verchot et al., 2001) 
with net measurements being much more common due to the ease and relative low cost of 
the technique. Common approaches to measuring net N mineralization include 
incubating soils in a laboratory or in situ incubations for one or more weeks (Hart et al. 
1994; Raison et al. 1987). Researchers in tropical ecosystems often use a 7-day 
incubation since N mineralization proceeds more rapidly under increased temperature and 
moisture regimes (Veldkamp et al., 1999; Ellingson et al., 2000). Researchers in 
temperate ecosystems have more often used both 14-day and 28-day incubations, both in 
situ and in the laboratory (Knoepp and Swank, 1995, 1996; McNulty et al., 1996; Eno 
1960; Wang and Fernandez, 1999; Fernandez et al., 2000; Verchot et al., 2001; Kraske 
and Fernandez, 1990). Therefore, methodology has been inconsistent in the literature 
regarding the length of the incubatiod period when measuring potential net N 
mineralization using laboratory or in situ incubation techniques. Moreover, comparison 
of laboratory rates to those obtained in the field has brought the former into question 
(Knoepp and Swank, 1995). We chose to examine the difference between these 
incubation times and the subsequent effects on net N mineralization to provide insight 
into the relationship between 7-, 14-, and 28-day incubations. Since a measurement of 
net nitrification can also be made from N mineralization assays, we also sought to 
compare NO3-N production in our temporal N mineralization assays. We compared in 
d 
situ potential net nitrification (Eno 1960), 14-day laboratory potential net nitrification 
(Hart et al. 1994) and nitrification potential (Hart et al. 1994) to assess the degree of 
correlation among methods. We also considered these data in the context of a watershed 
N manipulation experiment to determine which method might be more sensitive for 
detecting differences in forest type or N status as a result of long term N amendments 
which have altered the availability of mineral N. The nitrification potential assay (Hart et 
al., 1994) measures the activity of the autotrophic nitrifjmg soil community by providing 
ideal conditions for nitrification where the limiting factor is no longer NI&-N but the 
nitrifylng population itself. Acidic forest soils are thought to be dominated by 
autotrophic nitrifylng populations as opposed to heterotrophic nitrifylng populations, the 
latter for whom assimilable organic-C could also limit growth (Zhu and Carreiro 1999). 
MATERIALS AND METHODS 
Soils Used in this Study 
Soils fkom the Bear Brook Watershed in Maine (BBWM) were used in these 
methodological comparisons. The BBWM is located in eastem Maine at 44'52' north 
latitude and 68'06' west longitude, approximately 60 km fiom the coast of Maine and is 
located on the upper 210 m of the southeast slope of Lead Mountain. BBWM is a paired 
watershed experiment that began in 1987 and was established to evaluate a whole 
ecosystem response to elevated N and S deposition in a low alkalinity forested stream 
watershed in northem New England (Norton et al., 1999). 
The vegetation at BBWM includes both hardwoods and softwoods, with 
hardwoods and a mix of the two dominating the lower -60% of the watersheds. 
Hardwoods include American beech (Fagus ~zrandifolia Ehrh.), sugar maple (Acer 
saccharurn Marsh.), red maple weer rubrurn L.), with minor yellow birch (Betula 
allenhaniensis Britt.) and white birch (Betula papirifera). The higher elevations are nearly 
pure softwood stands 80-120 years old including red spruce (Picea rubens Sarg.), balsam 
fir (Abies balsamea L.) and hemlock (Tsuna canadensis L. Carr). Softwood, hardwoods 
and a hardwood-softwood mix cover approximately 25,35, and 40% of the total 
watershed areas, respectively (Wang and Femandez, 1999). 
The soils are acidic, have low base saturation, cation exchange capacity, and 
sulfate adsorption capacity (Norton et al., 1999). Bedrock geology consists of 
metamorphosed quartzite and calc-silicate gneiss. Further details of site characteristics 
can be found in Norton et al. (1999) and Femandez and Adams (2000). 
The Nitrogen Amendments 
Nitrogen additions to the West Bear watershed were initiated in 1989 and 
consisted of bimonthly additions of dry (NH&SO4 typically with two applications to the 
snowpack, two during the growing season, one in the spring and one in the fall. The 
West Bear watershed receives 25.2 kb N ha-lyearl of N treatments resulting in estimated 
total N inputs (wet + estimated dry + treatment) of 33.6 kg N ha-lyear-'. The reference 
East Bear watershed receives 8.4 kg N ha-lyear-l of ambient wet plus estimated dry 
deposition (Norton et al., 1999). To the experimental design of the plot layout use for 
sampling is described in Shah et al., (2002). 
In Situ Net N mineralization and Net Nitrification 
I n  situ net N mineralization and net nitrification were assessed using the buried 
bag method of Eno (1960). Soils were incubated in the field for 35 and 28 days in 
September 2000 and June 2001, respectively. Net N mineralization was defined as the 
difference between the sum of NO3-N and N&-N at initiation and after incubation, while 
net nitrification was the difference for NO3-N alone. Soil samples were kept in plastic 
bags in a cooler for transport from the field to the laboratory. Field moist 0 horizon soils 
were sieved through a 6 mm mesh sieve and mineral soils were sieved through a 2 mm 
mesh sieve. Replicate subsamples (-5g) of field moist soil were used to measure oven- 
dry moisture content (0 horizon soils were dried at 6 5 ' ~  and mineral soils were dried at 
105'~). At the initiation of the experiment, "time zero" subsamples were immediately 
extracted with 100 mL of 2M KC1 (solution to soil ratio d v )  to determine initial NO3-N 
and N&-N concentrations. After incubating in the field, buried soil bags were collected 
and extracted as above. Concentrations of NO3-N and m - N  were determined on an 01 
Analytic Dual-Channel Automated Ion Analyzer at the University of Maine's Analytical 
Laboratory and on a Perstop Flow Solutions 3000 Injection Analyzer at The Institute of 
Ecosystem Studies. 
Laboratory Net N Mineralization and Net Nitrification Incubations 
Net N mineralization and net nitrification were assessed using a 14-day laboratory 
incubation (Hart et al., 1994). Soils were returned to the laboratory and sieved as 
described above for the in situ incubation. A 155.05 g subsample of field moist soil was 
placed in a plastic cup covered with parafilrn perforated for ventilation and then incubated 
in the dark at -22' C for 14 days. A -5g subsample of field moist soil was also used to 
determine oven-dry moisture content and correct for the dry mass equivalent of the 
incubating soils ( 0  horizon soils were dried at 6 5 ' ~  and mineral soils were dried at 
105'~). Soils were then extracted and analyzed as described above. 
Nitrification Potential Assay 
The nitrification potential assay of Hart et al., (1994) was chosen because it 
measures the rate of nitrification in a soil by creating conditions where m - N  is no 
longer the limiting factor, with the assumption that rates of nitrification are then limited 
by the capacity of the nitrifying community itself. Samples were handled according to the 
shaken slurry method described by Hart et al. (1994). A 159.05 subsample of soil was 
taken from each sample and mixed with lOOml of a solution containing 1.5 m M  m+ 
and 1 mM ~ 0 4 ~ -  in a 250-ml flask. Slurries were shaken on a wrist-action shaker for 24 
hours. Approximately one-quarter of the sluny was removed at 2,4,22, and 24 hours. 
These subsamples were then filtered through Whatman #40 filter papers that had been 
previously leached with deionized water to remove any inorganic-N contamination. 
Samples were analyzed for NO3-N on a Perstop Flow Solutions 3000 Injection Analyzer 
at IES. 
Statistical Analyses 
The nitrification potential data was analyzed using a repeated measures design on 
the Statistical Analysis System (SAS System, 1999) with an alpha level of 0.05. The 
statistical design for the laboratory and in situ incubations was a split-split plot among 
treatments, forest types and time. In this design, factor A was the reference East and 
treated West Bear watershed soils, factor B was the hardwood and softwood forest types 
and factor C was time. Analyses were performed separately on 0 horizons and mineral 
soils given the clearly different characteristics of each horizon. All data except the 
nitrification potential required rank transformations and were subsequently analyzed by 
ANOVA on the Statistical Analysis System (SAS System, 1999) with an alpha level of 
0.05. 
RESULTS AND DISCUSSION 
The Importance of Incubation Time in Measuring Potential Net N Mineralization 
Figures 2.1 and 2.2 show net N mineralization grand means for 0 horizon and mineral 
soils respectively, across watersheds and forest types for 7-, 14- and 28-day incubations. 
Data are expressed on a per day basis to normalize for the obvious differences that would 
occur from cumulative results over different incubation times. These data suggest that 
the 7-day incubation results in a mineralization rate distinctly less per unit time with an 
asymptotic decrease in slope to the 14- and 28-day incubation periods for the 0 horizon 
soils (Fig 2.1). The results suggest that using the 7-day incubation in these northern US 
forest soils would likely underestimate potential net N mineralization and given the slope 
of the curve at 7 days, perhaps small differences in substrate quality or environmental 
conditions such as temperature or moisture could have disproportionate influences on the 
results. Although the 28-day results are higher than the 14-day results in the 0 horizon 
soils, the difference between these two longer incubation periods is relatively small and 
the results from both are highly correlated (3 of 0.94) (Figure 2.3). However, the mineral 
soils suggest that a 14-day incubation would also likely underestimate the potential of 
these soils to mineralize N. These results of the 0 horizon soils suggest that either of 
these longer incubation periods might adequately assess N mineralization potential of a 
soil, or that scientific and practical considerations could govern the final choice of 
technique. However, in the mineral soils these data suggest that a 28-day incubation 
would be needed to adequately assess N mineralization potential of a soil. 
Fig 2.1. 
0 DAY 7 DAY 14 DAY 28 DAY 
Organic horizon net N mineralization compartmental means over 7, 14,28 
day laboratory incubations. Error bars represent standard error of the 
mean. 
Fig 2.2. 
0 DAY 7 DAY 14 DAY 28 DAY 
Mineral soil compartmental net N mineralization means over 7, 14,28 day 
laboratory incubations. Error bars represent standard error of the mean. 
Fig. 2.3. 
14day PNNM mg N kg soir'day" 
28 day m 
Fourteen day potential net N mineralization vs. 7 day and 28 day potential 
net N mineralization for both watersheds, forest types and soil horizons in 
September 2000. The 2 of the 14 day vs. 7 day is 0.30; the 2 of the 14 
day vs. 28 day is 0.94. 
Overall, we would suggest that a 14-day incubation be used to minimize the time 
involved in obtaining this type of data, while still assuring adequate incubation times for 
the soil to more fully express its potential for N mineralization by this type of index 
method. Figure 2.3 also suggests that conclusions drawn on 14- and 28-day ( 3  of 0.94) 
results might be nearly interchangeable whereas the correlation to 7-day incubation 
results is much weaker ( 3  of 0.29 between the 7- and 14-day incubations). It is important 
to note that these results are for a single intensive research site, and similar comparisons 
should be conducted across a range of forest and soil types in northern climate forest 
ecosystems to draw conclusions on the best methods to use. 
Potential Net Nitrification, In Situ Net Nitrification, and Nitrification Potential: A 
Methodological Comparison 
All three methods were applied to 0 horizons material and mineral soils fiom the 
BBWM and Table 2.1 shows the means and associated standard error of the mean for 
each method, presented by both watershed and forest type. All three methods showed 
similar significant differences when N-mineralization rates were compared between 
watersheds for both 0 horizon and mineral soils. Each method revealed that N- 
treatments to the West Bear watershed have resulted in higher potential rates of 
nitrification. Differences between forest types were less consistent among the methods 
we used. The in situ method resulted in significant differences in 0 horizons between 
forest types but not mineral soils, while the nitrification potential assay demonstrated 
significant differences in the mineral soils between forest types but not 0 horizons (Table 
2.1). Interestingly, the nitrification potential assay was the only method that detected 
Table 2.1.. Potential net nitrification and nitrification potential for both watersheds 
and forest types by soil horizon (standard errors in parentheses) 
t indicates significance at the 0.05 level for contrasts within either 
watershed or forest type within horizons 
Nitrification Potential (mg N kg soil-') 
Horizon Watershed Forest T m  
East - Hardwood Softwood 
Organic 5.68 (2.12)t 86-26 (1 8.05) 77.74 (19.33) 14.2 (4.59) 
Mineral 9.31 (1.94)t 28.92 (3.31) 12.44 (2.02)t 26.66 (4.07) 
14 day potential net nitrification (mg N kg soil-Id") 
Horizon Watershed Forest Twe 
East - Hardwood Softwood 
Organic 
Mineral 
I n  situ potential net nitrification (mg N kg soil-Id") 
Horizon Watershed Forest T m  
East - West Hardwood Softwood 
Organic 
Mineral 
numerically higher means in the mineral soils of the softwoods compared to the 
hardwoods (Table 2.1). These differences between horizons by forest types has been 
demonstrated for both in situ and 14-day laboratory incubations in a study conducted by 
Shah et al., (2002) spanning a period of two years, and is consistent with the findings of 
others for northeastern U.S. forest soils (Aber et al., 1993; Fernandez et al., 2000; 
Campbell et al., 2000; Finzi et al., 1998). This suggests that the nitrification potential 
assay may be more sensitive for detecting differences, such as between softwood and 
hardwood forest types, which are not readily expressed under less than ideal conditions 
for the relevant microbial communities. It should be noted that all three methods proved 
to be significantly correlated (Table 2.2). 
Table 2.2. Pearson correlation coefficients for 14 day PNN, in situ PNN, nitrification 
potential spanning both collection months (Sept. 00 and June 01). N=40. 
t indicates significance at the 0.05 level. 
14 day 
In situ 
14 day 
In situ 
0 Horizons 
Nitiification 
In silu Potential 
Mineral Soils 
Nitrification 
In situ Potential 
+0.44t +C).76t 
+0.42t 
Verchot et al. (2001) examined the differences between gross and net 
mineralization and nitrification and also compared the sensitivity of lab incubations, in 
situ incubations and the nitrification potential assay in determining functional differences 
in net nitrification between hardwood forest stands dominated by different canopy tree 
species in Millbrook, NY and the Cat'skill Mountains of NY. They found that gross rates 
of N mineralization and nitrification were not good indicators of differences in forest 
types. Furthermore, they reported that net N mineralization and net nitrification, 
particularly the laboratory incubation, proved to be better indicators of differences 
between forest types by using a 14-day incubation technique both in the laboratory and in 
situ. Knoepp and Swank (1995) compared 28-day laboratory incubations to both in situ 
buried bags and in situ incubated cores and found the in situ incubated cores to be 
preferable because they found them to best incorporate site-specific changes in moisture 
and soil temperature. The findings of Verchot et al. (2001) concur with this study in that 
nitrification potential appeared to be more sensitive to diffkrences in forest types than net 
nitrification in laboratory incubations or in situ incubations. 
Although the three methods proved to be significantly correlated, the magnitude 
of the correlation differed between methods and between soil horizons. In the 0 
horizons, the 14-day laboratory incubation and the in situ incubation proved to be best 
correlated, however in the mineral soils, the 14-day laboratory incubation and the 
nitrification potential assay proved to be best correlated out of the three methods used 
(Table 2.2). The differences between the correlation coefficients are likely due to sample 
size and variability between the three methods. 
A clear distinction among the three methods is the mean rate of nitrification as 
shown in Table 1.1. The nitrification potential assay had the highest rates, nearly an order 
of magnitude greater than either the 14-day laboratory incubation or the in situ 
incubation. For the latter two methods, the 14-day laboratory incubation rates were one 
to four times greater than the in situ iricubation rates. The differences in magnitude 
among the three methods were logical, in that the nitrification potential assay supplied 
essentially unlimited N&-N to autotrophic nitrifjmg microbial communities. The 
difference in magnitude between the laboratory and in situ incubations was also expected 
as laboratory incubations take place in well mixed soils and higher temperature 
conditions of a laboratory, in this case 22OC, and without the diurnal fluctuations in 
temperature that would be experienced in situ. Therefore laboratory incubations are 
expected to provide more consistent but overestimated rates of microbial activity during 
the incubation period while in situ soils would be limited by cool night time temperatures 
and perhaps the extreme heat of the warmest of days during the field season. Because of 
these differences, the laboratory incubation may be more effective at detecting differences 
in the incipient N dynamics of sites, whereas in situ incubations are the logical choice for 
estimating actual rates of nitrification. 
A depiction of in situ potential net nitrification (PNN) for the interaction of 
watershed and dominant forest type for both the 0 horizons and mineral soils at BBWM 
is shown in Figure 2.4. The high variability in these data resulted in no significant 
differences among in situ PNN means. West Bear hardwood 0 horizon in situ PNN, 
while not significant, showed a clear numerical trend towards greater rates than all other 
soil-treatment combinations in this experimental design. Both the 14-day laboratory 
incubation and the nitrification potential assay revealed differences among watershed and 
forest type as reported in Figure 2.4. A futher discussion of watershed and forest type 
differences can be found in Shah et al., (2002). 
Nitrification Potential Assay I 
The nitrification potential assay @PA) measures the activity of soil nitrifjmg 
microbial communities by providing ideal conditions for nitrification where the limiting 
factor is no longer NI&-N availability but the nitrifying population itself. Since 
subsamples were taken fiom each soil slurry during the 24-hour incubation period, it is 
possible to analyze the temporal pattern of nitrate production over time (Figures 2.5 and 
2.6). The NPA data confirmed that among 0 horizon soils, those fiom the treated West 
Bear watershed under hardwoods had the highest rates of nitrification and that these rates 
were higher than mineral soil NPA. Shah et al., (2002) concluded these higher rates in 
hardwoods fiom West Bear were due to a lower C/N ratio compared with softwood litter 
but also a lower C/N ratio compared with the East Bear hardwoods due to the increased N 
inputs resulting fiom the amendments. The slope (e-g., the nitrification rate) to the 24 
hour incubation time point was positive suggesting that nitrification would likely proceed 
had the incubation period continued (Figure 2.5). This same pattern is evident in the 
West Bear softwood mineral soils, where the slope of nitrate production over time 
continues to increase. 
EBHO EBSO W H O  WBSO EBMl EESM WI$+M W S M  
Fig. 2.4. In situ potential net nitrification by compartment with standard error of the 
mean. Note: EB - the East Bear watershed; WE3 - the West Bear 
watershed; S - softwood forest type; H - hardwood forest type; 0 - 0 
horizons; M - mineral soils. 
Fig. 2.5. Nitrification potential of hardwood soils over the 24-hour sampling period. 
Note: EB - the East Bear watershed; WB - the West Bear watershed; H - 
hardwood forest type; 0 - 0 horizons; M - mineral soils. Subsamples 
removed for analysis at 2,4,22, and 24 hours after initiation of incubation. 
Fig. 2.6. Nitrification potential of softwood soils over the 24-hour sampling period. 
EB - the East Bear watershed; WB - the West Bear watershed; S - 
softwood forest type; 0 - 0 horizons; M - mineral soils. Subsamples 
removed for analysis at 2,4,22, and 24 hours after initiation of incubation. 
Conclusions 
Results fiom the incubation time trial experiment shows that the 14-day and 28- 
day laboratory incubation periods provided similar and highly correlated estimates of 
potential net N mineralization rates. These incubation times produced notably higher 
rates than the 7-day laboratory incubation period, which may underestimate net N 
mineralization potentials in these northern forest ecosystem soils. Results demonstrate 
that all three methods used to assess net nitrification: 14-day laboratory incubation, in situ 
incubation and the nitrification potential assay showed similar trends brought about by 
either forest cover or the nitrogen treatment. However, the nitrification potential assay 
was the only method that elucidated differences in net nitrification potential between 
forest types, particularly between softwood and hardwood mineral soils. Each of the 
three methods could be suitable choices for determining qualitative differences in N 
dynamics in various settings. Each also has characteristics that could make it the better 
choice depending on the scientific objectives. The 1 4-day laboratory incubation is the 
easiest to perform, and seems particularly well suited for studies of remote sites where a 
single collection or site visit is necessary due to logistics and resources. The in situ net 
nitrification is the clear choice when the goal is estimates of actual rates of nitrification in 
the field. Finally, the less widely used nitrification potential may be more sensitive to 
emerging differences in soil N dynamics and further evaluation of its efficacy and the 
merits of additional incubation periods, is warranted. 
REFERENCES 
Aber, J.D., Magill, A., Boone, R. 1993. Plant and soil responses to chronic nitrogen 
additions at the Harvard Forest, Massachusetts. Ecological Applications 3: 156- 166. 
Campbell, J.L., Eagar, C., McDowell, W.H., Hornbeck, J.W. 2000. Analysis of nitrogen 
dynamics in the Lye Brook Wilderness Area, Vermont, USA. Water, Air and Soil 
Pollution 122: 63-75. 
Ellingson, L.J., Kauflfinan, J.B., Cummings, D.L., Sanford Jr., R.L., Jaramillo, V. J. 
2000. Soil N dynamics associated with deforestation, biomass burning, and pasture 
conversion in a Mexican tropical dry forest. Forest Ecology and Management 137: 
41-51. 
Eno, C.F. 1960. Nitrate Production in the Field by Incubation of Soil in Polyethylene 
Bags. Soil Science Society Proceedings 24: 277-279. 
Femandez, I.J., Simmons, J.A., Briggs, R.D. 2000. Indices of forest floor nitrogen status 
along a climate gradient in Maine, USA. Forest Ecology and Management 134: 177- 
187. 
Finzi, A.C., Van Breeman, N., Canham, C.D. 1998. Canopy tree-soil interactions within 
temperate forests: species effects on soil carbon and nitrogen. Ecological 
Applications 8: 440-446. 
Hart, S.C., Stark, J.M., Davidson, E.A., Firestone, M.K. 1994. Nitrogen mineralization, 
immobilization, and nitrification. pp. 985-1018 in Weaver, R.W., Angle, S., 
Bottomley, P., Bezdicek, D., Smith, S., Tabatabi, A., Wollurn, A. (eds.). Methods of 
Soil Analysis Part 2. Microbiological and Biochechemical Properties. Soil Science 
Society of America, Madison, Wisconsin. 
Knoepp, J.D., Swank, W.T. 1998. Rates of nitrogen mineralization across a elevation 
and vegetation gradient in the southern Appalachians. Plant and Soil 204: 235-241. 
Knoepp, J.D., Swank, W.T. 1995. Comparison of available soil nitrogen assays in 
control and burned forested sites. Soil Science Society of America Journal 59: 1750- 
1754. I 
Kraske, C.R., Fernandez, I.J. 1990. Conifer Seedling Growth Response to Soil Type and 
Selected Nitrogen Availability Indices. Soil Science Society of America 54: 246-25 1. 
McNulty, S.G., Aber, J.D., Newman, S.D. 1996. Nitrogen saturation in a high elevation 
New England spruce-fir stand. Forest Ecology and Management 84: 109- 12 1. 
Raison, R.J., Connell, M.J., Khanna, P.K. 1987. Methodology for studying fluxes of soil 
mineral N in situ. Soil Biology and Biochemistry 19: 52 1-530. 
Shah, S.S., Fernandez, I.J., Rustad, L.E., Dail, D.B. 2002. Decadal Responses in Soil N 
Dynamics at the Bear Brook Watershed in Maine. Masters of Science Thesis. 
University of Maine. 
Veldkarnp, E., Davidson, E., Erickson, H., Keller, M., Weitz, A. 1999. Soil nitrogen 
cycling and nitrogen oxide emissions along a pasture chronoseque&e in the humid 
tropics of Costa Rica. Soil Biology and Biochemistry 3 1 : 387-394. 
Verchot, L.V., Holmes, Z., Mulon, L., G r o h a n ,  P.M., Lovett, G.M. 2001. Gross vs net 
rates of N mineralization and nitrification as indicators of functional differences 
between forest types. Soil Biology and Biochemistry 33: 1889-1901. 
Wang, Z., Fernandez, I. 1999. Soil type and forest vegetation influences on forest floor 
nitrogen dynamics at the Bear Brook Watershed in Maine (BBWM). Environmental 
Monitoring and Assessment 55 : 221 -234. 
Zhu, W., Carreiro, M. 1999. Chemoautotrophic nitrification in acidic forest soils along 
an urban-to-rural transect. Soil Biology and Biochemistry 3 1 : 109 1 - 1 100. 
BIBLIOGRAPHY I 
Aber, J., McDowell, W., Nadelhoffer, K., Magill, A., Berntson, G., Kamakea, M., 
McNulty, S., Cunie, W., Rustad, L., Fernandez, I. 1998. Nitrogen Saturation in 
Temperate Forest Ecosystems -Hypotheses revisited. BioScience 1 1 : 921-934. 
Aber, J.D., Magill, A., McNulty, S.G., Boone, R.D., Nadelhoffer, K.J., Downs, M., 
Hallett, R. 1995. Forest biogeochemistry and primary production altered by nitrogen 
status. Water, Air and Soil Pollution 85: 1665-1670. 
Aber, J.D., Magill, A., Boone, R. 1993. Plant and soil responses to chronic nitrogen 
additions at the Harvard Forest, Massachusetts. Ecological Applications 3: 156-166. 
Aber, J. D. 1993. Modification of nitrogen cycling at the regional scale: The subtle 
effects of atmospheric deposition. pp. 163-174 in McDomell, M. and S.T.A. Pickett 
(eds.) Humans as Components of Ecosystems. Springer, New York, NY. 
Aber J.D., Nadelhoffer K.J., Steudler P., Melillo, J.M. 1989. Nitrogen saturation in 
northern forest ecosystems. BioScience 39: 378-386. 
Aber, J.D., Melillo, J.M. 1982. Nitrogen immobilization in decaying hardwood leaf litter 
as a function of initial nitrogen and lignin content. Canadian Journal of Botany 60: 
2263-2269. 
Adams, M.B., Angradi, T.R., Kochenderfer, J.N. 1997. Stream water and soil solution 
responses to 5 years of nitrogen and sulfur additions at the Fernow Experimental 
Forest, West Virginia. Forest Ecological Management 95: 79-9 1.  
Aerts R., Berendse F. 1988. The effect of increased nutrient availability on vegetation 
dynamics in wet heathland. Vegetatio 76: 63-69. 
Agren, G.I., Bosatta E. 1988. Nitrogen saturation of terrestrial ecosystems. 
Environmental Pollution 54: 185- 197. 
Andersson, P., Berggren, D., Nilsson, I. 2002. Indices for nitrogen status and nitrate 
leaching fiom Norway spruce (Pzcea abies (L.) Karst.) stands in Sweden. Forest 
Ecology and Management 157: 39-53. 
Arnold, S.S., Fernandez, I.J., Rustad, L.E., Zibilske, L.M. 1999. Microbial response of 
an acid forest soil to experimental soil warming. Biol Fertil Soils 30: 239-244. 
Berntson, G.M., Aber, J.D. 2000. The importance of fast nitrate 
immobilization in N-saturated temperate forest soils. Soil Biology and 
Biochemistry 32:151-156 
Bergholm, J., Majdi, H. 2001. Accumulation of nutrients in above and below ground 
biomass in response to ammonium sulfate addition in a Norway spruce stand in 
southwest Sweden. Water, Air and Soil Pollution 130: 1049-1 054. 
Binkley, D., Hart, S.C. 1989. The components of nitrogen availability assessments in 
forest soils. Adv. Soil Sci. 10: 57-1 12. 
Binkley, D. 1995. The influence of tree species on forest soils: processes and patterns. 
Pages 1-33 in D. J. Mead and I. S. Cornforth (eds). Proceedings of the trees and soil 
workshop, Lincoln University, Agronomy Society of New Zealand Special 
Publication Number 10. 
Blair, J.M., Parmelee, R.W., Beare, M.H. 1990. Decay rates, nitrogen fluxes, and 
decomposer communities of single- and mixed-species foliar litter. Ecology 71 : 
1976- 1985. I 
Bobbink, R., Boxman, D., Fremstad, E., Heil, G., Houdijk, A., Roelofs, J. 1992. Critical 
loads for nitrogen eutrophication of terrestrial and wetland ecosystems based upon 
changes in vegetation and fauna. Pp. 11-159 in Grennfelt P and Thdrnelof E (eds). 
Critical Loads for Nitrogen -a workshop report. Report fiom a workshop held at 
Ukeberg, Sweden, 6-10 April, 1992. Nordic Council of Ministers, Copenhagen. 
Brady, N.C., Weil, R.R. 1999. The Nature and Property of Soils: twelfth edition. 
Prentice-Hall, Inc., New Jersey, USA. 881pp. 
Brierley, E.D.R., Wood, N., Shaw, P.J.A. 2001. Influence of tree species and ground 
vegetation on nitrification in an acid forest soil. Plant and Soil 229: 97-104. 
Campbell, J.L., Eagar, C., McDowell, W.H., Hornbeck, J.W. 2000. Analysis of nitrogen 
dynamics in the Lye Brook Wilderness Area, Vermont, USA. Water, Air and Soil 
Pollution 122: 63-75. 
Caporn, S.J.M., Risager, M., Lee, J.A. 1994. Effect of atrnosperic nitrogen deposition on 
fiost hardiness in Calluna vulgaris. New Phytologist, 128: 461-468 
Cole, D.W., Rapp, M. 1981. Elemental cycling in forest ecosystems. pp. 341-409 in D. 
E. Reichle (eds). Dynamic properties of forest ecosystems. Cambridge Universtiy 
Press, Cambridge, London, and New York. 
Dail, D.B., Davidson, E.A., Chorover, J. 2001. Rapid abiotic nitrate immobilization in a 
forest soil. Biogeochemistry 54: 13 1-146. 
Davidson, E.A., Hart, S.C., Firestone, M.K. 1992. Internal cycling of nitrate in soils of a 
mature coniferous forest. Ecology 73: 1 148-1 156. 
Davidson, E.A., Hart, S.C., Shanks, C.A., Firestone, M.K. 1991. Measuring gross 
nitrogen mineralization, immobilization, and nitrification by '% isotopic pool 
dilution in intact soil cores. Journal of Soil Science 42: 335-349. 
Dise, N.B., Matzner, E., Forsius, M. 1998. Evaluation of organic horizon C:N ratio as an 
indicator of nitrate leaching in conifer forests across Europe. Environmental 
Pollution 102 (S 1): 453-456. 
Dise, N.B., Wright, R.F. 1995. Nitrogen leaching from European forests in relation to 
nitrogen deposition. Forest Ecology and Management 7 1 : 153-1 61. 
Dise, N.B., Wright, R.F. 1992. The NITREX project (Nitrogen Saturation Experiments). 
Ecosyst. Res. Rep. 2, Commission of the European Communities, Brussels, 10lpp. 
Devito, K.J., Westbrook, C.J., Schiff, S.L. 1999. Nitrogen mineralization and 
nitrification in upland and peatland forest soils in two Canadian Shield catchments. 
Canadian Journal of Forest Research 29: 1793- 1804. 
Driscoll, C.T., Yan, C., Schofield, C.L., Munson, R., Holsapple, J. 1994. The mercury 
cycle and fish in the Adirondack lakes. Environmental Science and Technology 28: 
136A- 143A. 
Ellingson, L.J., Kaufhan, J.B., Curnmings, D.L., Sanford Jr., R.L., Jararnillo, V. J. 
2000. Soil N dynamics associated with deforestation, biomass burning, and pasture 
conversion in a Mexican tropical dry forest. Forest Ecology and Management 137: 
41-51. 
Eno, C.F. 1960. Nitrate Production in the Field by Incubation of Soil in Polyethylene 
Bags. Soil Science Society Proceedings 24: 277-279. 
Fangmeier, A., Hadwiger-Fangmeier,' A., Van der Eerden, L., Jager, H.J. 1994. Effects 
of atmospheric ammonia on vegetation. A review. Environmental Pollution 86: 43-82. 
Federer, C.A. 1983. Nitrogen Mineralization and Nitrification: Depth Variation in Four 
New England Forest Soils. Soil Science Society of America Journal 47: 1008-1014. 
Fenn, M.E., Poth, M.A., Aber, J.D., Baron, J.S., Bormann, B.T., Johnson, D.W., Lemly, 
A.D., McNulty, S.G., Ryan, D.F., Stottlemyer, R. 1998. Nitrogen excess in North 
American ecosystems: Predisposing factors, ecosystem responses, and management 
strategies. Ecological Applications 8: 706-733. 
Fernandez, I.J., Adam, M.B. 2000. Nitrogen Saturation: An Experimental 
Approach at the Watershed Scale. pp.333-355 in Mickler, R., Birdsey, R., Hom, J. 
(eds.). Responses of Northern U.S. Forests to Environmental Change. 
Springer-Verlag New York Inc. 
Femandez, I.J., Simmons, J.A., Briggs, R.D. 2000. Indices of forest floor nitrogen status 
along a climate gradient in Maine, USA. Forest Ecology and Management 134: 177- 
187. 
Femandez, I.J., Rustad, L.E., Lawrence, G.B. 1993. Estimating total soil mass, nutrient 
content, and trace metals in soils under a low elevation spruce-fir forest. Canadian 
Journal of Soil Science 73: 3 17-328. 
~errari,  J. B. 1993. Spatial patterns of leaf litterfall, nitrogen cycling and understory 
vegetation in a hemlock-hardwood forest. PhD Dissertation. University of 
Minnesota, St. Paul, Minnesota, USA. 
Finzi, A.C., Van Breeman, N., Canham, C.D. 1998. Canopy tree-soil interactions within 
temperate forests: species effects on soil carbon and nitrogen. Ecological 
Applications 8: 440-446. 
Frazer, D.W., McColl, J.G., Powers, R.F. 1990. Soil nitrogen mineralization in a 
clearcutting chronosequence in a northern California conifer forest. Soil Science 
Society of America Joumal54: 1 145- 1 152. 
Friedland, A.J., Miller, E.K., Battles, J.J., Thorne, J.F. 1991. Nitrogen deposition, 
distribution and cycling in a subalpine spruce-fir forest in the Adirondacks, New 
York, USA. Biogeochemistry 14: 3 1-55. 
Galloway, J.N., Schlesinger, W.H., Levy III, H., Michaels, A., Scnoor, J.L. 1995. 
Nitrogen fixation: Anthropogenic enhancement-environmental response. Global 
Biogeochemical Cycles 2: 235-252. 
Gilliam, F.S., Yurish, B.M., Adams, M.B. 2001. Temporal and spatial variation of 
nitrogen transformations in nitrogen-saturated soils of a central Appalachian 
hardwood forest. Canadian Joumal of Forestry Research 3 1 : 1768-1 785. 
Gilliam, F.S., Adams, M.B., Yurish, B.M. 1996. Ecosystem nutrient responses to 
chronic nitrogen inputs at Fernow Experimental Forest, West Virginia. Canadian 
Journal of Forest Research 26: 196-205. 
Goodale, C.L., Aber, J.D., McDowell, W.H. 2000. The long-term effects of disturbance 
on organic and inorganic nitrogen export in the White Mountains, New Hampshire. 
Ecosystems 3: 433-450. 
Goodale, C.L., Aber, J.D. 2001. The long-term effects of land-use history on nitrogen 
cycling in northern hardwood forksts. Ecological Applications 11: 253-267. 
Gower, S.T., Son, Y. 1992. Differences in soil and leaf litterfall nitrogen dynamics for 
five forest plantations. Soil Science Society of America Journal 56: 1959-1966. 
Gunderson, P., Callesen, I., de Vries, W., 1998. Nitrate leaching in forest ecosystems is 
related to forest floor C/N ratios. Environmental Pollution 102 (Sl): 403-407. 
Gunderson, P. 1995. Nitrogen deposition and leaching from European forests - 
preliminary results from a data compilation. Water, Air and Soil Pollution 85: 1.1 79- 
1184. 
Hart, S.C., Stark, J.M., Davidson, E.A., Firestone, M.K. 1994. Nitrogen mineralization, 
immobilization, and nitrification. pp. 985-1 01 8 in Weaver, R.W., Angle, S., 
Bottomley, P., Bezdicek, D., Smith, S., Tabatabi, A., Wollum, A. (eds.). Methods of 
Soil Analysis Part 2. Microbiological and Biochechemical Properties. Soil Science 
Society of America, Madison, Wisconsin. 
Hendershot, W.H., Lalande, L., Duquette, M. 1993. Soil reaction and exchangeable 
acidity. P141-145 in M.R. Carter (ed). Soil Sampling and methods of analysis. 
Lewis Publishers, Boca Raton, Florida. 
Henriksen, A., Hessen, D.O. 1997. Whole catchment studies on nitrogen cycling: 
Nitrogen from mountains to fjords. Ambio 26: 254-257. 
Johnson, A.H., Schwartzman, T.N., Battles, J.J., Miller, E.K., Friedland, A.J., 
Vann, D.R. 1994. Acid rain and soils of the Adirondacks, II: Evaluation of calcium 
and aluminum as causes of red spruce decline at Whiteface Mountain, New York. 
Canadian Journal of Forest Research 24:654-662. 
Kahl, J., Norton, S., Femandez, I., Rhstad, L., Handley, M. 1999. Nitrogen and Sulfur 
input-output budgets in the experimental and reference watersheds, Bear Brook 
Watershed in Maine (BBWM). Environmental Monitoring and Assessment 55: 1 13- 
131. 
Klein, T.M, Kreitinger, J.P., Alexander, M. 1983. Nitrate Formation in Acid Forest Soils 
fiom the Adirondacks. Soil Science Society of America Journal 47: 506-508. 
Knoepp, J.D. and W.T. Swank. 1995. Comparison of available soil nitrogen assays in 
control and burned forested sites. Soil Science Society of America Journal 59: 1750- 
1754. 
Knoepp, J.D. and W.T. Swank. 1998. Rates of nitrogen mineralization across a elevation 
and vegetation gradient in the southern Appalachians. Plant and Soil 204:235-241. 
Koopmans, C.J., Lubrecht, W.C., Tietema, A. 1995. Nitrogen transformations in two 
nitrogen saturated forest ecosystems subjected to an experimental decrease in nitrogen 
deposition. Plant and Soil 175: 205-21 8. 
Kraske, C.R., Fernandez, I.J. 1990. Conifer Seedling Growth Response to Soil Type and 
Selected Nitrogen Availability Indices. Soil Science Society of America 54: 246-25 1. 
Lawrence, G.B. 2002. Persistent episodic acidification of streams linked to acid rain 
effects on soil. Atmospheric Environment 36: 1589-1598. 
Lawrence, G.B., David, M.B. 1997. Response of Aluminum Solubility to Elevated 
Nitrification in Soil of a Red Spruce Stand in Eastern Maine. Environmental Science 
and Technology 3 1 : 825-830. 
Likens, G.E., Bormann, F., Pierce, R.S., Eaton, J.S., Johnson, N.M. 1977. 
Biogeochemistry of a forested ecdsystem. Springer-Verlag, New York. 146pp. 
Likens, G.E., Bormann, F.H., Johnson, N.M. 1972. Acid rain. Environment 14: 33-40. 
Likens, G.E., Bormann, F.H., Johnson, N.M., Fisher, D.W., Pierce, R.S. 1970. The effect 
of forest cutting and herbicide treatment on nutrient budgets in the Hubbard Brook 
watershed-ecosystem. Ecological Monographs 40: 23-47. 
Lovett, G. M., Christianson, L. M., Groffian, P. M., Jones, C. G., Hart, J. E. and 
Mitchell, M. J. 2002. Insect Defoliation and Nitrogen Cycling in Forests. BioScience 
52(4): 335-341. 
Lovett, G.M., Weathers, KC., Sobczak, W.V. 2000. Nitrogen saturation and retention in 
forested watersheds of the Catskill Mountains, New York. Ecological Applications 
10: 73-84. 
Lovett, G.M., Rueth, H. 1999. Soil nitrogen transformations in beech and maple stands 
along a nitrogen deposition gradient. Ecological Applications 9: 1330-1334. 
Magill, A.H., Aber, J.D., Hendricks, J.J., Bowden, R.D., Melillo, J.M., Steudler, P.A. 
1997. Biogeochemical response of forest ecosystems to simulated chronic nitrogen 
deposition. Ecological Applications 7: 402-4 15. 
McNulty, S.G., Aber, J.D., Newrnan, S.D. 1996. Nitrogen saturation in a high elevation 
New England spruce-fir stand. Forest Ecology and Management 84: 109-121. 
McNulty, S.G., Aber, J.D. 1993. Effects of chronic nitrogen additions on nitrogen 
cycling in a high elevation spruce-fir stand. Canadian Journal of Forest Research 23: 
1252-1263. 
McNulty, S.G., Aber, J.D., Boone, R.D. 1991. Spatial changes in forest floor and foliar 
chemistry of spruce-fir forests acfoss New England. Biogeochemistry 1 4: 1 3 -29. 
Mitchell, M.J., Driscoll, C.T., Owen, J.S., Schaefer, D., Michener, R., Raynal, D. 2001 
Nitrogen biogeochemistry of three hardwood ecosystems in the Adirondack region of 
New York., Biogeochemistry -56: 93-1 33. 
Mitchell, M.J., Driscoll, C.T., Kahl, J.S., Likens, G.E., Murdoch, P.S., Pardo L.H. 1 996a. 
Climatic control of nitrate loss fiom forested watersheds in the northeast United 
States. -Environmental Science and Technology 30: 2609-261 2. 
Mitchell, M.J., Raynal, D.J., Driscoll, C.T. 1996b. Biogeochemistry of a forested 
watershed in the central Adirondack Mountains: temporal changes and mass balances. 
Water, Air, and Soil Pollution 88: 355-369. 
Mladenoff, D. J. 1987. Dynamics of nitrogen mineralization and nitrification in hemlock 
and hardwood treefall gaps. Ecology 68: 1 171-1 180. 
Mohn, J.A., Schunnann, F., Hagedorn, P., Schleppi, Bachofen, R. 2000. Jncreased rates 
of denitrification in nitrogen-treated forest soils. Forest Ecology and Management 
137: 113-119. 
Murdoch, P.S., Stoddard, J.L. 1992. The role of nitrate in the acidification of streams in 
the Catskill Mountains of New York. Water Resources Research 28: 2707-2720. 
Mulholland, P.J., Steinman, A.D., Elwood, J.W. 1990. Measurement of phosphorus 
uptake length in streams: comparison of radiotracer and stable PO4 releases. Canadian 
Journal of Fisheries and Aquatic Sciences 47: 235 1-2357. 
Nadelhoffer, K., Downs, M., Fry, B., Magill, A., Aber, J. 1999. Controls on N retention 
and exports in a forested watershed. Environmental Monitoring and Assessment 55: 
187-2 10. 
Nadelhoffer, K.N., Downs, M.R., Fry, B., Aber, J.D., Magill, A.H., Melillo, J.M. 1995. 
The fate of '%-labelled nitrate additions to a northern hardwood forest in eastern 
Maine, USA. Oecologia 103: 292-301. 
Nadelhoffer, K.J., Aber, J.D., Melillo, J.M. 1984. Seasonal patterns of ammonium and 
nitrate uptake in nine temperate forest ecosystems. Plant and Soil 80: 321-335. 
Nbholm, T., Edfast, A., Ericsson, A., Nordkn, L. 1994. Accumulation of amino acids in 
some boreal forest plants in response to increased nitrogen availability. New Phytol 
126: 137-143. 
Nbholm, T., Ericsson, A. 1990. Seasonal changes in amino acids, protein and total 
nitrogen in needles of fertilized Scots pine trees. Tree Physiology 6: 267-28 1.  
Norton, S., Kahl, J., Fernandez, I., Haines, T., Rustad, L., Nodvin, S., Scofield, J., 
Strickland, T., Erickson, H., Wigington, P. Jr., Lee, J. 1999. The Bear Brook 
Watershed, Maine (BBWM), USA. Environmental Monitoring and Assessment 55: 
7-5 1 .  
Oden, S. 1968. The acidification of air precipitation and its consequences in the natural 
environment. Bulletin of Ecological Research Communications NFR. Translation 
Consultants Ltd., Arlington, Virginia 
Ollinger, S.V., Smith, M.L., Martin, M.E., Hallett, R.A., Goodale, C.L., Aber, J.D. 2002. 
Regional variation in foliar chemistry and N cycling among forests of diverse history 
and composition. Ecology 83: 339-355. 
Ollinger, S.V., Aber, J.D., Lovett, G.M., Millham, S.E., Lathrop, R.G., Ellis, J.M. 1993. 
A spatial model of atmospheric dkposition for the northeastern U.S. Ecological 
Applications 3 : 459-472. 
Pastor, J., Post, W. M. 1988. Response of northern forests to C02-induced climate 
change. Nature 334: 55-58. 
Pennington, P.E., Ellis, R.C., 1993. Autotrophic and heterotrophic nitrification in acidic 
forest and native grassland soils. Soil Biology and Biochemistry 25: 1399-1408. 
Perry, D.A., Choquette, C., Schroeder, P. 1987. Nitrogen dynamics in conifer-dominated 
forests with and without hardwoods. Canadian Journal of Forest Research 17: 1434- 
1441. 
Persson, T., Wirh,  A. 1995. Nitrogen mineralization and potential nitrification at 
different depths in acid forest soils. Plant and Soil 1681169: 55-65. 
Peterjohn, W.T., Melillo, J.M., Steudler, P.A., Newkirk, K.M., Bowles, S.T., Aber, J.D. 
1994. Responses of trace gas fluxes and N availability to experimentally elevated soil 
temperatures. Ecological Applications 4: 617-625. 
Powlson, D. S. 1993. Understanding the soil nitrogen cycle. Soil Use and Management 
9: 86-94. 
Qualls, R., Haines, B.L. 1992. Biodegradability of dissolved organic matter in forest 
throughfall, soil solutions, and stream water. Soil Science Society of America Journal 
56: 578-586. 
Raison, R.J., Connell, M.J., Khanna, P.K. 1987. Methodology for studying fluxes of soil 
mineral N in situ. Soil Biology and Biochemistry 19: 52 1-530. 
Rasmussen, L., Beier, C., van Breemen, N., de Visser, P., Kreutzer, K., Schierl, R., 
Matzner, E., Farrell, E.P. 1990. Study on acid deposition effects by manipulating 
- 
forest ecosystems. New title: EXMAN - Experimental MANipulation of forest 
ecosystems in Europe. Air Pollut. Res. Rep. 24, Commission of the European 
Communities, Brussels. 42pp. 
Rustad, L.E., Melillo, J.M., Mitchell, M.J., Femandez, I. J., Steudler, P.A., McHale, P.J. 
2000. Effects of soil warming on C and N Cycling in Northern U.S. forest soils. In 
Mickler, R., Birdsey, R., Hom, J. (eds.). Responses of Northern U.S. Forests to 
Environmental Change. Springer-Verlag, New York. 
Sarathchandra, S.U., Perrot, K.W., Littler, R.A. 1989. Soil microbial biomass: Influence 
of simulated temperature changes on size, activity and nutrient content. Soil Biology 
and Biochemistry 2 1 : 987-993. 
SAS Institute Inc. Cary, NC. USA: 1999-2000. The SAS System for Windows version 
4.9. 
Schlesinger, W.H. 1997. Biogeochemistry: an analysis of global change. California, 
Academic Press. 588 pp. 
Schlesinger, W.H., Hartley, A.E. .1992. A global budget for atmospheric NH3. 
Biogeochemistry 15: 191-21 1. 
Seinfeld, J.H. 1986. Atmospheric Chemistry and Physics of Air Pollution. John Wiley 
and Sons, New York. 
Shah, S.S., Fernandez, I. J., Rustad, L.E., Dail, D.B. 2002. Decadal Responses in Soil N 
Dynamics at the Bear Brook Watershed in Maine. Master of Science Thesis. 
University of Maine, Maine, USA. 
Smith, V.H., Tilrnan, G.D., Nekola, J.C. 1999. Eutrophication: impacts of excess 
nutrient inputs on fi-eshwater, mahe ,  and terrestrial ecosystems. Environmental 
Pollution 100: 179- 196. 
Spalding, R.F., Exner, M.E. 1993. Occurrence of nitrate in groundwater - A Review. 
Journal of Environmental Quality 22: 392-402. 
Stark, J.M., Hart, S.C. 1997. High rates of nitrification and nitrate turnover in 
undisturbed coniferous forests. Nature 385: 61 -64. 
Stevenson, F.J., Cole, M.A. 1999. Cycles of Soil: Carbon, Nitrogen, Phosphorus, Sulfur, 
Micronutrients. John Wiley and Sons, Inc., 427pp. 
Stoddard, J.L. 1994. Long-term changes in watershed retention of nitrogen. Its causes 
and aquatic consequences. pp 223-284 in L.A. Baker (ed). Environmental chemistry 
of lakes and reservoirs. Advances in chemistry series. Volume 237. American 
Chemical Society, Washington, D.C., USA. 
Swank, W.T., Waide, J.B., Crossley Jr., D.A., Todd, R.L. 198 1.  Insect defoliation 
enhances nitrate export fiom forest ecosystems. Oecologia (Berlin) 5 1 : 297-299. 
Sylvia, D.M., Fuhrmann, J.J., Hartel, P.G., Zuberer, D.A. 1998. Principals and 
Applications of Soil Microbiology. Prentice-Hall, Inc., New York. 550pp. 
Taulavuori, K. 1998. Cellular pH in the assessment of critical N level for fiost 
resistance. Acta Univ Oul A 3 13. 
Tietema, A., De Boer, W., Riemer, L., Verstraten, J.M. 1992. Nitrate production in 
nitrogen-saturated acid forest soils: vertical distribution and characteristics. Soil 
Biology and Biochemistry 24: 235-240. 
Tilman, D. 1987. Secondary succession and the pattern of plant dominance along 
experimental nitrogen gradients. Ecological Monographs 57: 189-214. 
Torseth, K., Semb, A. 1997. Atmospheric deposition of nitrogen, sulfur, and chloride in 
two watersheds located in southern Norway. Arnbio 26: 258-265. 
Van Gestel, M., Merckx, R., Vlassak, K. 1993. Microbial biomass and activity in soil 
with fluctuating water contents. Geodenna 56: 617-626. 
Veldkarnp, E., Davidson, E., Erickson, H., Keller, M., Weitz, A. 1999. Soil nitrogen 
cycling and nitrogen oxide emissions along a pasture chronosequence in the humid 
tropics of Costa Rica. Soil Biology and Biochemistry 3 1 : 387-394. 
Verchot, L.V., Holmes, Z., Mulon;L., Grofhan, P.M., Lovett, G.M. 2001. Gross vs net 
rates of N mineralization and.nitrification as indicators of functional differences 
between forest types. Soil Biology and Biochemistry 33: 1889- 1901. 
Vitousek, P.M., Aber, J.D., Howarth, R.W., Likens, G.E., Matson, P.A., Schindler, D.W., 
Schlesinger, W.H., Tilman, D.G. 1997. Human alteration of the global nitrogen 
cycle: sources and consequences. Ecological Applications 7: 737-750. 
Vitousek, P.M., Howarth, R.W. Nitrogen limitation on land and in the sea: how can 
it occur? Biogeochemistry 13: 87-1 15 
Vitousek, P.M., Matson, P.A. 1985. Causes of delayed nitrate production in two 
Indiana forests. Forest Science 3 1 : 122- 13 1.  
Vitousek, P.M., Gosz, J.R., Grier, C.C., Melillo, J.M., Reiners, W.A. 1982. A 
comparative analysis of potential nitrification and nitrate mobility in forest 
ecosystems. Ecological Monographs 52: 155-1 77. 
Vitousek, P.M., Gosz, C., Grier, C., Melillo, W., Reiners, A., Todd, R.L. 1979. Nitrate 
losses fiom disturbed ecosystems.' Science 204: 469-474. 
Wang, Z., Fernandez, I. 1999. Soil type and forest vegetation influences on forest floor 
nitrogen dynamics at the Bear Brook Watershed in Maine (BBWM). Environmental 
Monitoring and Assessment 55: 22 1-234. 
Warneck, P. 1988. Chemistry of the natural atmosphere. Academic Press, San Diego. 
Webb, J.R., Cosby, B.J., Deviney, F.A., Eshleman, K.N., Galloway, J.N. 1995. Change 
in the acid-base status of an Appalachian catchment following forest defoliation by 
the gypsy moth. Water, Air and Soil Pollution 85: 535-540. 
Wedin, D. A., Tilrnan, D. 1996. Influence of nitrogen loading and species composition on 
the carbon balance of grasslands. Science 274: 1720- 1723. 
White, G., Fernandez, I., Wiersma, G. 1999. Impacts of ammonium sulfate treatment on 
the foliar chemistry of forest trees at the Bear Brook Watershed in Maine. 
Environmental Monitoring and Assessment 55: 235-250. 
Wiernken, V., Kossatz, L., Ineichen, K. 1996. Frost hardiness of Norway spruce grown 
under elevated atmospheric COz and increased nitrogen fertilization. Journal of 
Plant Physiology 149: 433-438. 
Wigington, P.J., Baker, J.P., DeWalle, D.R., Kretser, W.A., Murdock, P.S., Simonin, 
H.A., Vansickle, J., McDowell, M.K., Peck, D.V., Barchet, W.R., 1996. Episodic 
acidification of small streams in the northeastern United States: ionic controls of 
episodes. Ecological Applications 6: 389-407. 
Williams, M.W., Baron, J.S., Caine, N., Sornrnerfeld, R., Sanford, R. Jr. 1996. Nitrogen 
saturation in the Rocky Mountains. Environmental Science and Technology 30: 640- 
646. I 
Winogradsky, S. 1890. Ann. Inst. Pasteur. 4: 213,257,760. 
Zhu, W., Carreiro, M. 1999. Chemoautotrophic nitrification in acidic forest soils along 
an urban-to-rural transect. Soil Biology and Biochemistry 3 1 : 109 1 - 1 100. 
APPENDIX A 
Nitrogen Mineralization and Nitrification 
Tabir A.1 Net N mnh~erallzrtion (me N kg SOU-' d-') for both watersheds and forest types over U~ne 
(strncinrci al.ors In parentheris) 
14 dny Inb 14  dny Inb 14 day lab 14  dny lnb 14 d ~ y  h b  
brdh Incubation Iir4tn hra~batioll I 1 1 d t  hcubntlon I11dh1 inmbntion In,dtn Incnbnon 
Soil 
Ho14zo1r Stp-00 Stp-00 JIU-0 1 JIUI-0 1 Jul-0 1 Jul-01 Ang-01 Aag-01 Stp-01 Stp-01 
East Btnr 
Wtxt Btnr 
fioNWood 
Hardwood 
Appendix A.2 Net N mineralization (mg N kg soil-' d") for both watersheds by forest types and soil horizons over time 
(standard errors in parenthesis) 
Soil 
Watershed Horizon Forest Type Sep-00 Sep-00 Jun-01 Jun-01 Jul-01 Jui-01 Aug-01 Aug-01 Sep-01 Sep-01 
East Bear Organlc 
Mineral 
East Bear Organic 
Mineral 
West Bear Organlc 
Mineral 
West Bear Organlc 
Mineral 
Hardwood 
Hardwood 
Softwoqd 
Softwood 
Hardwood 
Hardwood 
Softwood 
Softwood 
Appendlx A.3 Net nitrification (mg N kg BOX' d-') for both watersheds by forest types and soil horizons over time (standard errors in parenthesis) 
14 day lab 14 day lab 14 day lab 14 day lab 14 day lab 
b-siru incubation ~n-siru incubatlon I N - S ~ ~ U  incubation I N - S ~ ~ U  lncubatlon b-siru incubation 
Soll 
Watershed Horlzon Forest Type Sep-00 Sep-00 Jun-Ol Jun-01 Jul-01 Jul-Ol Aug-01 Aug-Ol Sep-Ol Sep-01 
East Bear Organlc Hardwood 0.06 0.08 0.06 0.39 0.21 0.08 0 0.03 1.20 0 
(0.02) (0.03) (0.03) (0.35) (0.17) (0.05) (0) (0.03) (0.60) (0) 
Mlneral Hardwood 0.14 0.13 0.06 0.15 0.18 0.16 0.06 0.16 0.08 0.13 
(0.06) (0.13) (0.02) (0.05) (0.07) (0.08) (0.06) (0.13) (0.08) (0.07) 
East Bear Organic Softwood 0.06 0.19 0.08 0.06 0.04 0.17 0.04 0 -0.03 -0.01 
(0.02) (0.09) (0.05) (0.03) (0.03) (0. LO) (0.04) (0) (0.03) (0.01) 
Mlneral Softwood 0.17 0.36 0.10 0.20 0.14 0.28 0.18 - 0.26 0.09 0.15 
(0.05) (0.10) (0.04) (0.09) (0.05) (0.12) (0.1 2) (0.26) (0.05) (0.08) 
West Bear Organlc Hardwood 1.10 4.52 1.78 6.21 1.90 4.00 0.51 2.18 -1.16 0.33 
(0.16) (1.40) (0.64) (0.72) (0.60) (0.64) (0.15) (0.86) (0.12) (0.13) 
Mlneral Hnrdwoocl -0.23 -0.33 0.34 1.07 0.24 0.73 0.18 0.47 0.14 0.27 
(0.46) (1.19) (0.02) (0.14) (0.03) (0.10) (0.03) (0.18) (0.01) (0) 
West Bear Organlc Sortwoad 0.15 0.67 0.48 1.47 0.33 1.22 0.38 0.18 0.14 0.16 
(0.07) (0.37) (0.15) (0.36) (0.19) (0.28) (0.04) (0.04) @OT) (0.21) 
Mlneral Sortwoad 0.25 1.00 0.25 0.81 0.25 1.00 0.25 1.28 0.29 0.67 
(0.06) (0.14) (0.07) (0.23) (0.03) (0.14) (0.06) (0.27) (0.11) (0.05) 
Appendix A.4 Net N mlnerallzation (kg N ha soil-' d-') for both watersheds by forest types and sol1 horlmns over time 
(standard errors in parenthesis) 
14 day lab 14 day lab 14 day lab 14 day lab 14 day lab 
~n-situ lncubatlon [,,-sit,, lncubatlon ~tt-situ Incubation ~ n - s i t ~  Incubation In-situ lncubatlon 
Soll 
Watershed Horizon Forest Type Sep-00 Sep-00 Jundl JukOl Jul-01 Jul-81 Aug-01 Aug-01 Sepdl Sep-01 
East Bear Organic Hnrdwood 0.19 0.28 0.70 0.79 0.44 0.53 '0 0.92 0.12 0.43 
(0.06) (0.06) (0.16) . (0.13) (0.13) (0.08) (0.03) (0.06) (0.06) (0.16) 
Mlnenl Hnrdwood 0.08 0.21 0.06 0.68 0.08 0.29 0.30 0.01 0.01 0.28 
(0.03) (0.06) (0.02) (0.10) (0.06) w e )  (0.03) (0.09) (0.02) (0.09) 
East Bear Organlc SoAwood 0.13 -0.04 0.10 0.29 0.11 0.20 0.05 0.54 0.01 0.07 
(0.06) (0.09) (0.06) (0.09) (0.06) (0.05) (0.03) (0.29) (0.03) (0.09) , 
Mineral Softwood 0.16 0.38 0.08 0.45 0.22 0.63 0.07 -0.58 0.09 0.39 
(0.05) (0.0a) (0.02) (0.08) (0.22) (0.13) (0.01) (0.30) (0.02) (0.15) 
W u t  Bear Organk Hardwood 0.36 1.39 0.54 1.32 0.69 Q.87 0.11 1.21 0.18 0.36 
(0.08) (0.23) (0.22) (0.27) (0.09) (0.19) (0.17) (0.48) (0.19 (0.02) 
Minenl Hardwood -0.11 -0.17 0.13 0.77 0.19 0.32 0.12 0.31 0.03 0.16 
(0.23) (0.58) (0.04) (0.15) (0.07) (0.05) (0.06) (0.08) (0.07) (0.01) 
West Bear Orgnnlc SoRwood 0.49 1.09 0.44 1.06 0.69 1.05 -0.15 1.94 0.35 0.90 
(0.10) (0.08) (0.10) (0.15) (0.11) (0.15) (0.14) (0.74) (0.01) (0.34) 
Mtnenl SoRwood 0.08 0.36 0.07 0.55 0.06 0.36 0.16 0.41 0.09 0.28 
(0.01) (0.08) (0.02) (0.08) (0.01) (0.03) (0.14) ( o w  (0.01) (0.07) 

APPENDIX B 
Soil Moisture 
Appendix B.1. Organic and mineral soil moisture content over time (standard errors in parantheses) 
Soil 
Watershed Horizon Forest Type Percent Initial Moisture 
East Bear Organic Hardwood 200.96 188.01 139.03 68.46 65.27 
(19.88) (32.58) (20.88) (11.81) (7.66) 
Mineral Hardwood 64.35 77.58 55.68 37.33 36.69 
(8.34) (12.90) (4.08) (3.11) (4.37) 
East Bear 
West Bear 
Organlc Solhvood 196.64 158.95 151.66 73.44 46.39 
(14.28) (15.58) (11.65) (4.80) (4.17) 
Mlneral Solhvood 66.97 96.66 87.25 54.84 40.91 
(6.13) (10.11) (7.60) (8.15) (5.52) 
Organic Hardwood 195.82 151.22 80.64 62.03 45.12 
(1 L94) (19.69) (1 1 .SO) (13.06) (8.00) 
Mineral Hardwood 49.06 52.23 41.65 26.55 23.99 
(4.73) (2.11) (2.43) (4.09) (2.60) 
West Bear Organlc Solhvood 218.72 193.64 155.77 100.28 83.65 
(13.71) (8.74) (8.14) (12.19) (6.33) 
Mineral Solhvood 114.83 124.63 104.11 86.47 76.50 
(8.92) (6.70) (5.48) (6.22) (3.48) 
APPENDIX C 
Correlation Coefficients 

APPENDIX D 
Plot Layout Design 
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